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ABSTRACT 
 
 
This thesis is an investigation into the production of laccases by the phytopathogenic soil 
fungus  Rhizoctonia solani.  The fungus causes maceration of plant tissue by the 
production of a variety of plant cell wall degrading enzymes.  Whilst most attention has 
focused on the role of pectinases in maceration, the laccases which degrade lignin are 
likely to be important in this process.   
 
The production of laccase by the AG-11 isolate VR20 in V8 medium reached a maximum 
after 6 days incubation.  Laccase activity was unaffected by variation in temperatures 
over the range 4-15°C, but as the temperature increased the activity increased to a 
maximum at 25°C.  This high level activity was maintained as the temperature was 
increased to 37°C.  The effects of pH on laccase activity was also determined.  Activity 
was stable over the pH range 4.5-6.  Outside this range the activity decreased 
significantly.   
 
The composition of the growth medium also had a significant effect on laccase 
production.  Similar levels of activity were observed during growth in V8, apple pectin 
media, or in media containing ground up lupin hypocotyls as a carbon source.  However, 
approx 20 fold higher levels were obtained after growth in Czapek-Dox medium.   
Different laccase activity band patterns were obtained by zymogram analysis of culture 
supernatants.  The production of the other cell wall degrading enzymes pectinase,   13
xylanase and cellulase in these media was assessed for comparison.  Whilst all three were 
produced in V8 and apple pectin media, cellulase was not produced in lupin medium, and 
none of these were produced in Czapek-Dox medium.   
 
Attempts to increase laccase production by the addition of the reported laccase inducers 
CuSO4.5H2O,  p-anisidine, ethanol, MnSO4.7H2O, resveratrol, and tannic acid to the 
growth medium showed mixed results.  The only case where enhancement of synthesis 
was observed was with the addition of MnSO4 to Czapek-Dox medium.  This compound 
did not enhance production in the other media tested.  With the exception of p-anisidine, 
the other inducers had minimal effect in V8, apple pectin or lupin media.  Para anisidine 
completely inhibited production in lupin medium.  With the exception of MnSO4, all 
inducers inhibited laccase production in Czapek-Dox medium, with p-anisidine causing 
complete inhibition.   
 
The production of xylanase and cellulase was also inhibited by these inducers but in a 
growth medium dependent manner.  Cellulase production in V8 medium was inhibited by 
ethanol, MnSO4, resveratrol, and tannic acid whilst only the latter two inhibited xylanase 
production and none of these inhibited pectinase production.  In contrast, p-anisidine had 
a greater inhibitory effect on pectinase and xylanase production in V8 medium than on 
cellulase production.  Para-anisidine also inhibited xylanase (and laccase ) but not 
pectinase production in lupin medium but not in apple pectin medium.  Resveratrol and 
tannic acid also inhibited xylanase production in lupin medium.   
   14
The effects of the inhibitory compounds EDTA and SDS on laccase activity was 
determined.  With SDS the % inhibition increased as the concentration of inhibitor 
decreased from 5% to 0.5%.  With EDTA the opposite trend was observed.  The effects 
of arginine on laccase activity was also tested.  At concentrations of 0.5 to 5% arginine, 
laccase activity was completely inhibited.   
 
Laccase activity was purified from the culture supernatant by anion exchange 
chromatography, and by electroelution from a native-PAGE gel.  The degree of 
purification by each method was greater than 50 fold.  Electrophoresis of the purified 
protein on an SDS-PAGE gel followed by staining with Coomassie blue showed two 
protein bands of 66 and 38 KDa.  Measurement of the absorption spectrum of the purified 
protein showed two absorbance maxima, at 240 and 340nm.   
 
Laccases produced by isolates from different anastomosis groups were analysed by 
staining gels for laccase activity.  Variations in the band pattern were observed both 
between and within anastomosis groups.  Analysis of single spore isolates from AG-8 and 
AG-11 showed segregation of band patterns.  However the sample sizes were too small to 
make conclusions about the numbers of laccase enzymes produced by or the number of 
genes in the parent field isolates.    
 
The role of laccases in maceration of lupin radicle tissue was investigated.  Microscopic 
staining showed the presence of lignin in radicle tissue, and when incubated in the fungal 
enzymes the tissue lost integrity, characteristic symptoms of maceration.  Maceration was   15
readily observed as discolouring when the radicle was incubated in a solution of fungal 
enzyme.  The degree of maceration was quantified by measuring the length of the 
discoloured region.  Enzymes from all of the isolates tested caused maceration of lupin 
radicle.  The degree of maceration ranged from 80-100%.  No maceration was observed 
when agrinine was included in the reaction mixture.  Arginine does not inhibit the activity 
of pectinases, xylanases, or cellulases.  In maceration assays with potato tuber tissue 
which does not contain lignin, the addition of arginine to the reaction did not inhibit 
maceration.  The results show that laccases are required for maceration of lignified tissue, 
but not for non-lignified tissue. 
 
Laccase gene sequences were cloned from three isolates, SCR122 (AG-6), 11034 (AG-8), 
and VR20 (AG-11) using degenerate primers to conserved sequences to amplify the gene 
sequences.  The amplicons were cloned and sequenced.  A BLAST search of the NCBI 
database with the derived amino acid sequences confirmed that the sequences were from 
laccase genes.   16
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ABSTRACT 
 
 
This thesis is an investigation into the production of laccases by the phytopathogenic soil 
fungus  Rhizoctonia solani.  The fungus causes maceration of plant tissue by the 
production of a variety of plant cell wall degrading enzymes.  Whilst most attention has 
focused on the role of pectinases in maceration, the laccases which degrade lignin are 
likely to be important in this process.   
 
The production of laccase by the AG-11 isolate VR20 in V8 medium reached a maximum 
after 6 days incubation.  Laccase activity was unaffected by variation in temperatures 
over the range 4-15°C, but as the temperature increased the activity increased to a 
maximum at 25°C.  This high level activity was maintained as the temperature was 
increased to 37°C.  The effects of pH on laccase activity was also determined.  Activity 
was stable over the pH range 4.5-6.  Outside this range the activity decreased 
significantly.   
 
The composition of the growth medium also had a significant effect on laccase 
production.  Similar levels of activity were observed during growth in V8, apple pectin 
media, or in media containing ground up lupin hypocotyls as a carbon source.  However, 
approx 20 fold higher levels were obtained after growth in Czapek-Dox medium.   
Different laccase activity band patterns were obtained by zymogram analysis of culture 
supernatants.  The production of the other cell wall degrading enzymes pectinase,   13
xylanase and cellulase in these media was assessed for comparison.  Whilst all three were 
produced in V8 and apple pectin media, cellulase was not produced in lupin medium, and 
none of these were produced in Czapek-Dox medium.   
 
Attempts to increase laccase production by the addition of the reported laccase inducers 
CuSO4.5H2O,  p-anisidine, ethanol, MnSO4.7H2O, resveratrol, and tannic acid to the 
growth medium showed mixed results.  The only case where enhancement of synthesis 
was observed was with the addition of MnSO4 to Czapek-Dox medium.  This compound 
did not enhance production in the other media tested.  With the exception of p-anisidine, 
the other inducers had minimal effect in V8, apple pectin or lupin media.  Para anisidine 
completely inhibited production in lupin medium.  With the exception of MnSO4, all 
inducers inhibited laccase production in Czapek-Dox medium, with p-anisidine causing 
complete inhibition.   
 
The production of xylanase and cellulase was also inhibited by these inducers but in a 
growth medium dependent manner.  Cellulase production in V8 medium was inhibited by 
ethanol, MnSO4, resveratrol, and tannic acid whilst only the latter two inhibited xylanase 
production and none of these inhibited pectinase production.  In contrast, p-anisidine had 
a greater inhibitory effect on pectinase and xylanase production in V8 medium than on 
cellulase production.  Para-anisidine also inhibited xylanase (and laccase ) but not 
pectinase production in lupin medium but not in apple pectin medium.  Resveratrol and 
tannic acid also inhibited xylanase production in lupin medium.   
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The effects of the inhibitory compounds EDTA and SDS on laccase activity was 
determined.  With SDS the % inhibition increased as the concentration of inhibitor 
decreased from 5% to 0.5%.  With EDTA the opposite trend was observed.  The effects 
of arginine on laccase activity was also tested.  At concentrations of 0.5 to 5% arginine, 
laccase activity was completely inhibited.   
 
Laccase activity was purified from the culture supernatant by anion exchange 
chromatography, and by electroelution from a native-PAGE gel.  The degree of 
purification by each method was greater than 50 fold.  Electrophoresis of the purified 
protein on an SDS-PAGE gel followed by staining with Coomassie blue showed two 
protein bands of 66 and 38 KDa.  Measurement of the absorption spectrum of the purified 
protein showed two absorbance maxima, at 240 and 340nm.   
 
Laccases produced by isolates from different anastomosis groups were analysed by 
staining gels for laccase activity.  Variations in the band pattern were observed both 
between and within anastomosis groups.  Analysis of single spore isolates from AG-8 and 
AG-11 showed segregation of band patterns.  However the sample sizes were too small to 
make conclusions about the numbers of laccase enzymes produced by or the number of 
genes in the parent field isolates.    
 
The role of laccases in maceration of lupin radicle tissue was investigated.  Microscopic 
staining showed the presence of lignin in radicle tissue, and when incubated in the fungal 
enzymes the tissue lost integrity, characteristic symptoms of maceration.  Maceration was   15
readily observed as discolouring when the radicle was incubated in a solution of fungal 
enzyme.  The degree of maceration was quantified by measuring the length of the 
discoloured region.  Enzymes from all of the isolates tested caused maceration of lupin 
radicle.  The degree of maceration ranged from 80-100%.  No maceration was observed 
when agrinine was included in the reaction mixture.  Arginine does not inhibit the activity 
of pectinases, xylanases, or cellulases.  In maceration assays with potato tuber tissue 
which does not contain lignin, the addition of arginine to the reaction did not inhibit 
maceration.  The results show that laccases are required for maceration of lignified tissue, 
but not for non-lignified tissue. 
 
Laccase gene sequences were cloned from three isolates, SCR122 (AG-6), 11034 (AG-8), 
and VR20 (AG-11) using degenerate primers to conserved sequences to amplify the gene 
sequences.  The amplicons were cloned and sequenced.  A BLAST search of the NCBI 
database with the derived amino acid sequences confirmed that the sequences were from 
laccase genes.   16
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CHAPTER 1 
 
Literature Survey 
 
 
1 Rhizoctonia solani (Introduction) 
 
Rhizoctonia is the name given to a collective of basidiomycete fungal species that include 
plant pathogenic and mycorrhizal species.  The genus Rhizoctonia which was erected by 
deCandolle in 1815 to accomodate the non-sporulating root pathogens contains over 100 
species (Parmeter and Whitney, 1970).  The genus has a geographical spread from the 
sub-arctic through to the tropics.  As a pathogen it attacks all known crop, pasture and 
horticultural species. 
 
Rhizoctonia solani [teleomorph  Thanetophorus cucumeris (Frank) Donk], the most 
widely recognized species of Rhizoctonia was originally described by Julius Kühn on 
potato in 1858.  It is a common necrotrophic soil fungus which causes root rot and 
damping-off diseases in a wide range of plant species over a large part of the world. 
 
Rhizoctonia solani does not produce any asexual spores (conidia) and only occasionally 
will it produce sexual spores (basidiospores) (Fig.1.1).  Unlike many basidiomycete 
fungi, the basidiospores are not enclosed in a fleshy, fruiting body or mushroom.  The   21
sexual stage of R. solani has undergone several name changes since 1891, but is now 
accepted as Thanetophorus cucumeris.  
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Mycelium of Rhizoctonia. solani (asexual stage) and basidiospores of 
Thanetophorus. cucumeris (sexual stage). 
 
R. solani is called a species complex because it contains many related but genetically 
isolated subspecific groups (Adams and Butler, 1979; Anderson, 1982; Ogoshi, 1987).  
Major subspecific groups of R. solani traditionally have been identified on the basis of 
hyphal anastomosis reactions and are called anastomosis groups (AG) (Carling 1996; 
Carling et al., 1999).  Anastomosis in R. solani is a complex process (Parmeter and 
Whitney, 1970).  The process of perfect hyphal fusion can be summarised as follows: 
hyphal growth, secretion of attracting substances, contact of hyphae, cessation of hyphal 
growth, formation of branch-like projections, dissolution of cell walls, and connections of   22
protoplasms (Ogoshi, 1987).  Anastomosis occurs between isolates of the same group but 
not between isolates of different groups.  Therefore, Anderson (1982) proposed that 
anastomosis groups (AG) are genetically isolated groups and incapable of nuclear 
exchange.  Currently, there are 13 AGs described in the literature (AG-1, -2, -3, -4, -5, -6, 
-7, -8, -9, -10, -11, -12 and –B1).  Recently, Carling et al., (2002) described another 
anastomosis group (AG-13).  Some AG can be further subdivided into intra specific 
group (ISG) on the basis of anastomosis frequency (Carling, 1996), eg., there are now 
four recognised subgroups in AG-2.  Within AG-8 there are five recognised subgroups 
which can be differentiated by pectic zymograms analysis (Sweetingham et al., 1986). 
This division into pectic zymogram groups is supported by RAPD-PCR (Duncan et al., 
1993; MacNish and O’Brien, in preparation) and genetic analysis (Yang, 1993). 
 
 
1.1 Rhizoctonia solani- A major plant pathogen in Australia 
 
Rhizoctonia solani is a major pathogen of cereal and pasture crops in Australia, the most 
serious of which is the bare patch disease.  This is characterised by patches of stunted 
growth, yellowing of the leaves and reduced root systems (Weller et al., 1986).  Many 
plants besides bean (Phaseolus vulgaris) are attacked by this pathogen.  These include 
alfalfa, peanut, soybean, lima bean, cucumber, papaya, eggplant, corn and many more 
(Anderson, 1982).  This fungus exists in different pathogenic forms that are capable of 
causing diseases on an unlimited number of host plants.  It causes “damping-off” in   23
cotton, radish and wheat seedlings (Ichielevich-Auster et al., 1985).  This disease has 
been reported on longleaf pine, soyabean, and peas (English et al., 1986; Liu and Sinclair, 
1991; Shehata et al., 1981).  R. solani (AG-1) causes sheath and web blight diseases of 
rice in most rice growing countries (Zuber and Manibhusanrao, 1982; Ogoshi, 1987).  
Isolates of AG-2 cause root canker in crucifers (Anderson, 1982).  Liu and Sinclair 
(1991) reported that a number of isolates from AG2-2 are able to cause crown and root 
rot in soyabean.  Seed and hypocotyl rot diseases caused by R. solani (AG-4) isolates are 
serious diseases among leguminous plants (Anderson, 1982).  Hypocotyl root rot of lupin 
in Western Australia is caused by strains of R. solani ZG-3 and ZG-4.  These strains also 
attack peas, beans, clovers and medics (Sweetingham et al., 1993). 
 
R. solani may attack the main and fine roots of alfalfa, sweet pea, lettuce and cereals.  
Cereals legumes in some areas sustain serious losses from root rot caused by R. solani 
(Baker, 1970; Sweetingham et al., 1993).  Root rot of wheat and barley is caused by R. 
solani AG8 isolates and limits the yield of these crops in Australia (Rovira, 1986).  R. 
solani was isolated from diseased roots of wheat in South Australia and from both wheat 
and lupins sampled from a wide range of locations throughout the Western Australian 
grain-belt (Sweetingham et al., 1986).  The disease symptoms appear as patches of 
stunted plants resulting from root rot (Lucas et al., 1993). 
 
R. solani primarily attacks below ground plant parts such as the seeds, hypocotyls and 
roots, but is also capable of infecting above ground plant parts (Petkowski and deBoer, 
2001)  Fig.1.2 shows some of the disease symptoms caused by Rhizoctonia solani.   24
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Rhizoctonia solani disease symptoms (adapted from 
http://www.cals.ncsu.edu/course/pp728/Rhizoctonia/Rhizoctonia.html) 
 
 
1.1.1 The infection process 
 
R. solani is a soil borne pathogen which infects roots and degrades the tissues.  This 
effectively destroys the root and kills the plant.  It has been demonstrated that the hyphae 
of R. solani can densely colonise the outer surface of the roots and hypocotyls of radish 
and cotton, but penetration through the root and hypocotyl tissues can be achieved only 
by virulent isolates of the fungus (Sneh et al., 1991).  The initial stage of infection is the 
germination of sclerotia or resting hyphae in soil and then the hyphae grows through the 
soil to the plant surface before penetration (Dodman and Flentje, 1970).  Colonization of 
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debris enables the pathogen to survive for longer periods and enables the production of 
sclerotia (Neate, 1987).  Basidiospores can also be a source of inoculum (Naito and 
Sugimoto, 1978; Kodama et al., 1982; Date et al., 1984).  Stimulation of hyphal growth 
in the soil occurs by plant exudates (Ride, 1983).  Brookhouser and Weinhold (1978) 
suggested that host exudates in addition to providing nutrients for the growth and the 
formation of infection structures play an important role in the infection process by 
inducing  R. solani to produce endo-polygalacturonases.  Penetration occurs through 
natural openings such as stomata, and through wounds and infection cushions (complex 
organised infection structures) (Dodman and Flentje, 1970). 
 
The complex chemical compostition and physical structure of plant cell walls make them 
difficult to penetrate and degrade.  Thus cell wall degrading enzymes produced by the 
fungus before penetration may aid the infection process.  Bateman (1964) reported that R. 
solani produces cellulase which may assist the penetration of the fungus into host cells.  
Van Etten et al., (1967) detected endopolygalacturonase activity in Rhizoctonia-infected 
bean hypocotyls tissue 32 hours after inoculation. 
 
 
1.2 Control of Rhizoctonia solani 
 
The control of Rhizoctonia solani is complicated by the lack of useful sources of 
resistance, and the ineffectiveness of fungicides in field trials (Cotterill, 1991).  The most   26
successful way to manage the disease symptoms is to cultivate the soil, however this does 
not eliminate the pathogen (MacNish, 1996).  Moreover, this leads to reduced yields and 
soil erosion. 
 
One option is to engineer host plants for disease resistance (Garcia-Olmedo et al., 1996).  
This is achieved by transforming plants with genes for antifungal proteins from plants or 
microorganisms (Broglie et al., 1991).  A number of studies have successfully 
demonstrated that chimeric genes derived from plant chitinases can protect plants against 
infection by fungal pathogens (Jach et al., 1992; Nehaus et al., 1991; Vierheilig et al., 
1993; Zhu et al., 1994).  Genes based on microbial chitinases were also found to be 
effective, in some cases even more so than plant chitinases (Bolar et al., 2001; Jach et al., 
1992; Mora and Earle, 2001; Suslow et al., 1988).  A number of other antifungal genes 
have been used to engineer resistance to fungal diseases in plants (Table 1).  In a number 
of cases these act by inducing localized death of the host tissue which then activates the 
expression of the host defence response.  Although none of these chimeric genes gave 
total resistance, greater levels of resistance can be achieved using combinations of genes 
(Jach et al., 1995; Zhu et al., 1994).  The use of gene combinations also decreases the 
possibility of resistance emerging in the pathogen population. 
One strategy to engineer resistance would be to inhibit virulence factors of the pathogen. 
There is considerable evidence to suggest that fungal cell wall degrading enzymes are 
determinants of virulence, and therefore represent potential targets for engineering 
resistance.   27
 
Table 1 Strategies used to engineer resistance to fungal diseases in plants. 
Strategy  Gene  Reference 
Induction of host defence by 
expression of a pathogen elicitor 
gene. 
Elicitor gene with an infection 
inducible promoter. 
(Belbahri et al., 2001). 
Induction of host defence by 
peroxidase induced host cell 
necrosis. 
 
 
Infection inducible glucose 
oxidase. 
 
Barnase RNAase under control 
of an infection inducible 
promoter. 
 
(Kazan et al., 1998). 
 
 
(Scott, 1994). 
Viral antifungal toxin.  Toxin gene under control of an 
infection inducible promoter. 
(Kinai et al., 1995). 
Mechanism of antifungal action 
unknown.  Osmotin.  
Plant protease inhibitors. 
 
(Liu et al., 1994; Zhu et al., 
1996). 
(Lorito et al., 1994). 
Inhibition of fungal growth by 
plant antifungal proteins. 
Hevein. 
Thionins. 
(Van Parijs et al., 1991) 
(Terras et al., 1993). 
Expression of plant defence 
genes. 
Pea defence gene DRR206.  (Wang and Fristensky, 2001). 
Modifying the types of 
phytoalexins produced by the 
host 
Stilbene synthase.  (Hain et al., 1993). 
Degradation of the fungal cell 
wall leading to the lysis of the 
pathogen. 
Plant chitinase and glucanase 
genes. 
(Jach et al., 1995; Neuhaus et 
al., 1991; Scott, 1994; Zhu et 
al.,1994). 
Inhibition of translation in the 
pathogen. 
Plant Ribosome inhibiting 
Protein genes. 
(Logemann et al., 1992). 
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1.3 Cell wall degrading enzymes 
 
A major barrier to host penetration and colonization by pathogenic
 organisms is the plant 
cell wall, and all of the major groups
 of cellular plant pathogens are known to make 
extracellular
 enzymes that can degrade cell wall polymers (Bateman and Basham, 1976).  
Although the involvement
  of wall-degrading enzymes and their genes in penetration, 
pathogen
 ramification, plant defense induction, and symptom expression
 has been studied 
extensively, conclusive evidence for or against
 a role for any particular enzyme activity in 
any aspect of pathogenesis
 has been difficult to obtain (Walton, 1994).  These enzymes 
are usually extracellular, low molecular weight and highly stable and may be produced in 
multiple forms (isozymes) which differ in charge, size, regulation, stability and ability to 
degrade cell walls (Cooper, 1983).  It has been suggested that the greatest significance in 
pathogenesis is the degradation of polysaccharides in the primary cell wall by cell wall 
degrading enzymes (Cooper, 1983).  The enzymes produced by different organisms are 
not always identical, and within a single species of a pathogen, several enzymes and their 
isoenzymes may be present (Collmer and Keen, 1986). 
 
The major obstacle to addressing the function of wall-degrading
  enzymes has been 
redundancy: all of the pathogens that have
 been studied in detail have multiple genes for 
any particular
  enzyme activity.  Thus, most fungal strains mutated in wall-degrading
 
enzyme genes-by either conventional (Cooper et al., 1988) or molecular (Scott-Craig et   29
al., 1998) methods retain
 at least some residual enzyme activity.  For example, the pea
 
pathogen Nectria haematococca (Fusarium solani f. sp. pisi) has
 four functional pectate 
lyase genes, the maize pathogen Cochliobolus
  carbonum and the rice pathogen 
Magnaporthe grisea each have
  at least four xylanase genes, and the cosmopolitan 
pathogen
  Botrytis cinerea has as many as five endopolygalacturonase genes
  (Apel-
Birkhold and Walton 1996; Guo et al., 1996; Wu et al.,
 1997; ten Have et al., 1998).  
Even strains of fungi that carry
 multiple mutations retain residual enzyme activity and are 
still
 pathogenic (Apel-Birkhold and Walton 1996; Scott-Craig et
 al., 1998).  
 Despite this 
redundancy, single genes of a particular class
  have been shown, in two cases, to 
contribute to the virulence
 of pathogenic fungi.  Constitutive pectinases
 are shown to be 
virulence factors for Aspergillus flavus on cotton bolls
  and for B. cinerea on tomato 
(Shieh et al., 1997; tenHave
 et al., 1998).  An alternative approach to the isolation and 
disruption of individual
 genes encoding wall-degrading enzymes would be to identify the
 
genetic regulatory elements for which mutation results in the
  simultaneous loss or 
downregulation of multiple enzymes.  If
 a mutant that had been globally impaired in its 
ability to make
 wall-degrading enzymes was still pathogenic, this would bring
 into serious 
doubt a significant role for such enzymes in pathogenesis
 (Walton, 1994). 
Apel et al., (1993) showed by cloning and targeted gene disruption of xyl1, a beta-1,4-
xylanase gene from the maize pathogen Cochliobolus carbonum.  The XYL1 mutant 
grew as well as the wild type on sucrose, on corn cell walls, and on xylan.  The 
pathogenicity of the mutant was indistinguishable from the wild type, indicating that 
XYL1 is not required for pathogenicity.  Wegener et al., (1999) showed that mutation of 
a beta-xylosidase gene of Cochliobolus carbonum by targeted gene replacement resulted   30
in the loss of the major beta-xylosidase activity but a significant amount of secreted beta-
xylosidase activity remained in the culture filtrates. The mutant was still fully pathogenic 
on maize.  In culture, the expression of most wall-degrading enzymes by
 most fungi, 
including plant pathogens, is inhibited by glucose
 or other simple sugars in a well-studied 
metabolic process known
 as catabolite or glucose repression (Ruijter and Visser, 1997). 
 
 
1.3.1 Pectinases 
 
The pectic substances of plant cell wall are susceptible to enzymatic degradation as they 
are located mainly in the outer wall regions of the middle lamella (McNeil et al., 1984).  
Necrotrophic fungi produce pectinases that digest the pectic polymers in plant cell walls - 
polygalacturonases (Riou et al., 1991; Di Pietro and Roncero, 1996 and Cook et al., 
1999), pectin methyl esterases (Morvan et al., 1998, Liberman et al., 1999), pectic lyases 
(Di Pietro et al.,1998), and pectate lyases (Lecam et al.,1997).  Pectin degrading enzymes 
are the first extracellular enzymes produced during infection (Mankarios and Friend, 
1980). 
 
Pectate lyase and pectin lyase splits the 1-4 glycosidic bond between adjacent uronic 
acids by α-elimination and generates products with 4,5-unsaturated residue at the 
reducing end (Collmer et al., 1988) (Fig. 1.3).  Polygalacturonase cleaves 
polygalacturonic acid to yield monomers and oligomers by hydrolysis (Nasuno and Starr, 
1966).  On the basis of the type of enzymatic reaction with the substrate, pectate lyase,   31
pectin lyase and polygalacturonase are either classified as endo (random cleavage of the 
glycosidic bond) or exo (terminal cleavage types).  Exopolygalacturonase attacks chain 
termini releasing only digalacturonates and reducing the viscosity of solutions containing 
pectic polymers more slowly than do the endoattacking enzymes (Collmer et al., 1988).  
Pectin methyl esterases deesterify the pectin molecule by removing the methoxy groups 
(Bateman and Basham, 1976). 
 
There is a considerable body of evidence showing that pectic enzymes contribute to 
virulence in soft rot bacteria and necrotrophic fungi (DeLorenzo et al., 1997).  Disruption 
of a polygalacturonase genes in Botrytis cinerea (ten Have et al., 1998), mutation of 
specific amino acids in the polygalacturonase of Fusarium moniliforme (Caprari et al., 
1993) and transfer of a Colletotrichum gloeosporoides pectin lyase gene to 
Colletotrichum magna (Yakoby  et al., 2000) all had significant effects on virulence.   
Isshiki et al., (2001) showed that pectinase is required for virulence of Alternaria citri 
that macerates the host tissue.  Studies on R. solani have revealed differences in the 
enzymes produced suggesting a role for these enzymes in virulence (Marcus et al., 1986).  
This is supported by the results of Scala et al., (1980) who compared enzymes produced 
by isolates from different hosts and Marcus et al., (1986) who compared pectic enzymes 
from virulent and hypovirulent isolates of R. solani. 
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Figure 1.3 Cleavage of pectin by pectinases (adapted from Manatunga, 2001) 
 
 
1.3.2 Cellulases and hemicellulases 
 
Glucanases, cellobiohydrolases and glucosidases are the three main enzymes found in 
cellulase system that can degrade cellulose (Riou et al., 1991; Busto et al., 1996).  The 
chains of glucose units within the fibrils are randomly cleaved by endoglucanases and 
releases a mixture of glucose, cellobiose and other soluble celloligosaccharides.   
Exoglucanases removes glucose or cellobiose residues from the non reducing end of the 
chain.  Cellobiohydrolases cleaves cellulose chains stepwise from the non reducing end.  
Glucosidase hydrolyses the cellobiose and other short chains to glucose (Wood et al.,   33
1988).  The cellulase enzymes appear to exist in multiple forms, which differ in their 
relative activities on a variety of substrates.  Bateman (1964) reported that R. solani 
produces cellulase which may assist the penetration of the fungus into host cells.  In a 
recent study, it has been shown that mitogen activated protein kinase pathway modulates 
the expression of two cellulase genes in Cochliobolus heterostrophus during infection in 
maize and the induction of both genes began at the onset of invasive growth and reached 
its maximal extent during leaf necrosis (Lev and Horwitz, 2003). 
 
Enzymes that are capable of degrading components of hemicellulose have been reported 
(Anderson, 1978; Cooper et al., 1988).  Some cereal pathogens like Fusarium culmorum 
and Pseudoicercosporella herpotrichoides produce a variety of hemicellulases like β-
arabinosidase, β -1,3 glucanase and xylanase (Cooper et al.,1988; Degefu  et al., 2001).  
Such pathogens in the presence of cereal cell walls produce β-arabinosidase and xylanase 
first and subsequently β -1,3 glucanase (Cooper et al., 1988; Degefu et al., 1995).  Xylan 
which is the major hemicellulose makes up about 40% of primary cell wall of monocots 
(McNeil  et al., 1984).  The backbone consists of β-1,4-linked D-xylanaopyaranose 
monomers, whereas the lateral branches contain α-1,3-linked L-arabinofuranosyl residues 
and  α-1,2-linked D-glucopyranosyl residues.  Microorganisms secrete an array of 
enzymes able to cleave different bonds in the xylan molecule.  Among these, endo β-1,4-
xylanases have been shown to play a crucial role in xylan depolymerisation since they 
break down the xylan backbone (Wong et al., 1988).  Endo β -1,4-xylanases are grouped 
into two families: family 10 is composed of high molecular mass xylanases generally 
with acidic pIs, whereas family 11 comprises xylanases with lower molecular masses and   34
basic pIs (Biely et al., 1997).  Xylanase degrades xylan to a variety of xylan 
oligosaccharides and it has been reported that an increasing level of xylanase activity is 
associated with developing lesions in fungus infected cereal plants (Cooper et al., 1988; 
Southerton  et al., 1993).  Morever, xylanase from a commercial preparation of 
Trichderma viride is toxic to rice cell cultures (Ishii, 1988).  Hemicellulases are also 
found in the pathogens of dicotyledons (Strobel, 1963).  Endo β-1,4-xylanases are 
produced by a number of plant pathogenic fungi and it has been suggested that they may 
contribute to infection (Walton, 1994).  Gene knockouts experiments in Cochliobolus 
carbonum and Magnaporthe grisea do not support an essential role of individual endo-β-
1,4-xylanases in fungal pathogenesis, although these studies are limited to a particular 
class of plant pathogens, those attacking the leaves of cereals (Apel et al., 1993; Apel-
Birkhold and Walton, 1996; Wu et al., 1997). No information is available on the role of 
xylanolytic enzymes in fungal pathogens of non cereal plants.  In a recent study, 
Murashima et al., (2002) showed the synergistic effects of cellulosomal xylanase and 
cellulases from Clostridium cellulovorans  on corn cell wall degradation. 
 
 
1.3.3 Lignolytic enzymes 
 
Many microorganisms are capable of degrading lignin.  White rot fungi degrade lignin 
more rapidly and extensively than other microbial groups and are capable of completely 
degrading lignin to carbon dioxide and water (Kirk and Farrel, 1987).  The most 
extensively characterized white rot fungus is Phanerochaete chrysosporium, previously   35
known as Chrysoporium lignorum and Sporotrichum pulverulentum (Burdsall and Eslyn, 
1974; Raeder and Broda, 1984).  The lignin degrading enzymes include ligninases, Mn 
peroxidases, phenol-oxidising enzymes, and H2O2-producing enzymes (Kirk and Farrell, 
1987).  The key reaction of ligninase with lignin is one electron oxidation.  The one 
electron oxidised form contains an unpaired electron, which undergoes a variey of non-
enzymatic reactions (Kersten et al., 1990).  Manganese peroxidases oxidizes Mn(II) to 
Mn(III), which in turn oxidize the phenolic lignin structure (Warishii et al., 1992).  
Phenol oxidizing enzymes oxidize phenyl radicals to phenoxy radicals (Kawai  et al., 
1989).  It has been suggested that two classes of extracellular oxidative enzymes-
peroxidases and laccases- are involved in lignolysis owing to their ability to catalyze the 
cleavage of carbon-carbon or carbon-oxygen bonds in complex lignin polymer or lignin 
model compounds (Hammel et al., 1993; Marzullo et al., 1995).  With regard to the 
typical production patterns of extracellular lignolytic enzymes, white-rot fungi can be 
divided into three main groups; (i) LiP-MnP group, (ii) MnP-laccase group, and (iii) LiP-
laccase group (Hatakka, 1994).  
 
 
1.3.3.1 Laccases 
 
Laccase (p-diphenol:oxygen oxidoreductase; EC  1.110.3.2) is a copper containing 
enzyme that catalyzes the oxidation of a phenolic substrate by coupling it to the reduction 
of oxygen to water (Messerschimdt and Huber, 1990).  Laccases are found in both plants 
and filamentous fungi but differ in their active copper centres, redox potentials, and   36
substrate specificity (Mayer, 1987) and may be involved in various biosyntheses and 
cellular detoxifications in which the oxidation of phenolic compounds occurs but its 
precise role is unknown.  Mature laccases have a primary structure of approximately 500 
amino acids that are predicted to fold into a three-domain barrel capable of binding four 
copper atoms (Mayer, 1987; Messerschmidt and Huber, 1990).  Fungal laccase 
(benzenediol:oxygen oxidoreductase, EC1.10.3.2) is an enzyme secreted into the medium 
by the mycelia of Basidiomycetes, Ascomycetes and  Deuteromycetes (Bollag and 
Leonowicz, 1984).  In some fungal strains laccase can be induced by anilines (Bollag and 
Leonowicz, 1984), methoxyphenolic acids (Rogalski and Leonowicz,  1992), lignin 
preparations (Rogalski et al., 1991) or heat shock (Fink-Boots et al., 1999).  However, 
the most effective inducer of laccase in fungi is 2,5-xylidine an aniline derivative 
(Fahreanus et al., 1958).  Also, certain phenolic compounds were found to stimulate 
laccase production, e.g., ferulic acid in the cultures of Pholiota mutabilis,  Pleurotus 
ostreatus  and  Trametes versicolor (Leonowicz and Trojanwoski, 1978).  The highest 
amounts of laccase are produced by white-rot fungi wood decaying basidiomycetes 
(Leonowicz et al., 1999a). 
 
Fungal laccases display a wide substrate range, are known to catalyze the polymerization, 
depolymerization, and methylation and/or demethylation of phenolic compounds 
(Leonowichz et al., 1979; Leonowichz et al., 1999a), and could play a possible role in 
plant pathogenicity (Van Etten et al., 1995) or lignin degradation (Huber and Odonoghue, 
1993).  There is little evidence that laccases by themselves can catalyze ligninolysis, but 
they are able to depolymerize synthetic lignin (Kawai et al., 1999) and delignify wood   37
pulps (Bourbonnais et al., 1997; Call and Mucke, 1997) when they are combined with 
various low molecular weight electron transfer agents.  The lignin degrading enzymes 
include ligninases, Mn peroxidases, phenol-oxidising enzymes and H2O2-producing 
enzymes (Kirk and Farrell, 1987).  The key reaction of ligninase with lignin compounds 
is one electron oxidation.  The one electron oxidised form contains an unpaired electron, 
which undergoes a variety of non-enzymatic reactions (Kersten  et al., 1990).  
 
It has been firmly stated that lignin degradation is accelerated in the presence of cellulose 
or its oligomers (Ander and Eriksson, 1976; Hattaka and Uusi-Rauva, 1983).  The idea of 
feedback-type interdependence of delignification and the cellulose degradation process 
was postulated for the first time by Westermark and Eriksson (1974) and according to 
them depolymerisation of cellulose and of lignin accelerated each other.  They discovered 
the enzyme cellobiose:quinone oxidoreductase (CBQ) which cooperates in a feedback 
fashion with laccase and cellulose in the process of depolymerisation of both components 
of the lignocellulose complex by removing decomposition products of cellulose and 
laccase which might function as a link to an extracellular “electron transport chain”.  
Enzymes are secreted from the fungal hyphae close to the hyphal environment where they 
cooperate with each other and with mediating factors and the produced chelators and 
mediating radicals are exported further into the wood where they work as enzyme 
“messengers” in lignocellulose degradation (Ander and Marzulo, 1997) (Fig. 1.4).  It 
seems that in this system, laccase oxidises lignin-derived radicals to quinones which 
served as the oxygen source for glucose-1-oxidase (Szklarz and Leonowicz, 1986; 
Rogalski, 1986; Leonowicz et al., 2001) and / or veratric alcohol oxidase (Marzullo et al.,   38
1995) which produces H2O2 and prevents the polymerising activity of laccase, with 
formed H2O2  as the cosubstrate for the lignolytic activity of LiP and MnP.  The products 
of laccase and glucose-I-oxididase form phenols and the phenols in turn become substrate 
for dioxygenases which catalyze cleavage reactions of the aromatic rings resulting in the 
formation of keto acids that enters the Krebs cycle (Leonowicz et al., 1999).  These 
mediating radicals possess high redox potentials (>900mV) to attack lignin and can 
migrate from the enzymes into the tight lignocellulose complex.  Examples of such 
substances are veratryl alcohol (Lundquist and Kirk, 1978), oxalate (Takao, 1965), 3-
hydroxyanthralic acid (Eggert et al., 1997) and Gt-chelators (Goodell et al., 1996).  They 
are produced as a result of fungal metabolism and their secretion enables fungi to 
colonise and degrade cell walls more effectively than other organisms.  Four groups of 
benzene derivatives were identified as the components of the Gt-chelator from 
Gleophylum trabeum (Fig. 1.5).  The presence of the chelators allows for the reduction of 
iron which results in the generation of oxygen radicals and subsequently the degradation 
of the cellulosic and phenolic compounds.  Temp and Eggert (1999) have demonstrated 
that Pycnocorpus cinnabarinus in the presence of a suitable cellulose-derieved electron 
donor, cellulose dehydrogenase (CDH) can regenerate the fungal mediator 3-HAA from 
cinnabarinic acid (Fig. 1.6). 
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Figure 1.4 Interaction of the cellobiose dehydrogenase/cellobiose:quinine 
oxidoreductase system (CDH/CBQ) with other enzymes, quinines and phenoxy 
radicals produced by these enzymes (adapted from Ander and Marzullo, 1997) 
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Figure 1.5 Structures of the selected phenolic compounds identified in the Gt-
chelator mixture of Gleophylum trabeum (adapted from Goodell et al., 1996) 
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Figure 1.6 Model of interaction of CDHs and laccase during CA formation in 
Pycnocorpus cinnabarinus (adapted from Temp and Eggert, 1999) 
 
 
1.3.3.2 Laccase genes 
 
Fungal laccase may vary in electrophoretic mobility.  These different forms can be 
produced by post-translational processing or be the products of different genes.  Four 
different laccases have been detected in Rhizoctonia solani (Wahleithner et al., 1996) and 
Fusarium proliferatum (Kwon et al., 2001), and there appears to be at least three laccases 
in  Botrytis cinerea (Marbach  et al., 1984; Viterbo et al., 1994; Pezet 1998).  The 
regulation of laccase expression differs substantially among species (Cullen, 1997).   
Individual species may express several laccase isozymes which can differ with regard to 
pH optimum, substrate specificity, molecular weight and cellular location (Leonowicz   42
and Trojawonski, 1978; Bollag and Leonowicz, 1984; Mayer, 1987).  In Botrytis cinerea 
three different laccases can be distinguished by their differential expression under 
induction by various substrates, as well as by their different isoelectric points (pI), pH 
optima and molecular weights (Marbach et al., 1983, 1984).   Armillaria mellea   
produces two laccases that do not cross react immunologically and have different pIs 
(Rehman and Thurston, 1992).  Whether these isoenzymes are the products of separate 
laccase genes or originate from differential post-translational modification of a single 
gene product is unknown.  Laccase genes have also been isolated, characterised and 
reported from Neurospora crassa (Germann and Lerch 1986; Germann et al., 1988), 
Coriolus hirsutus (Kojima  et al., 1990),  Coriolus versicolor (Iimura  et al., 1992), 
Pleurotus ostreatus (Giardina et al., 1995), Trametes versicolor (Jöhnsson et al., 1995), 
Trametes villosa (Yaver and Golightly, 1996), Pycnocarpus cinnabarinus (Eggert et al., 
1998),  Cryphonectria parasitica (Choi  et al., 1992),  Agaricus bisporus (Perry  et al., 
1993),  Aspergillus nidulans (Aramayo and Timberlake, 1990), Phlebia radiata 
(Saloheimo et al., 1991) and the basidiomycete PM1 (Coll et al., 1993a; Coll et al., 
1993b).  In Rhizoctonia solani RS22 (AG-6) four laccase genes have been identified 
(Wahleithner et al., 1996).  They have shown by hybridization analysis that each of the 
four laccase genes is present as a single copy in the genome. 
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1.4 Thesis Aims 
 
Cell wall degrading enzymes are important for determining the ability of a pathogen to 
colonise a host plant.  There is considerable evidence implicating pectinases (DeLorenzo 
et al., 1997) and to a lesser extent cellulases (Lev and Horwitz, 2003) and xylanases as 
virulence factors (Walton, 1994). However, relatively little work has been done on 
laccases.  The aim of this thesis was to investigate the role of laccases in host infection by 
R. solani. 
 
Chapter 2 describes the general materials and methods. 
 
Chapter 3 describes the production of laccase by this pathogen and the purification of the 
enzyme from a single spore isolate of R. solani. 
 
Chapter 4 describes the analysis of laccase produced by isolates from the same and from 
different anastomosis groups. 
 
Chapter 5 describes the role of laccase in tissue maceration. 
 
Chapter 6 describes the cloning and characterisation of the laccase genes from an AG-8, 
AG-6 and an AG-11 isolates. 
 
Chapter 7 describes the final discussion of the research.   44
CHAPTER 2. 
 
Materials and general methods 
 
 
2.1 Fungal strains, growth media and culture conditions 
 
Rhizoctonia solani strains used for the study are shown in Table-2.1.  They were 
maintained on potato dextrose agar (PDA) (Difco) supplemented with ampicillin 
(50mg/L) at 4ºC.  The isolates were subcultured regularly. Four growth media were used. 
Apple pectin medium [Apple pectin 2.64g/l, (NH4)2SO4 0.34g/l, MgSO4.7H2O 0.14g/l, 
pH 5.5 (Sweetingham et al., 1986)].  Lupin medium which has the same constituents as 
the apple pectin medium except that 1% ground lupin seeds were used as the carbon 
source; V8 vegetable juice (Campbell’s Juice Co. NSW, Australia), the V8 juice was 
diluted five times and pH adjusted to 5.5 with 5M NaOH.  Czapek Dox liquid medium 
(CDOX) (Oxoid, Hampshire, England) was made according to the manufacturer’s 
instructions and the pH adjusted to 5.5 with 9M HCl.  The pH of the media were adjusted 
to 5.5.  The media were autoclaved at 120
°C for 30 minutes prior to use. 
 
For production of laccase an agar plug (1cm
2) from a 7-day-old R. solani agar plate was 
transferred to 10ml of  V8 medium in 50ml Erlenmeyer flasks.  For testing induction a 
filter sterilised aqueous solution of the following inducers were added at the indicated 
final concentration. 0.0005M CuSO4.5H2O, 0.0005M MnSO4.7H2O, 0.04% Ethanol,   45
0.0008M p-Anisidine in 20% Ethanol (Wahleithner et al., 1996), 0.0008M Resveratrol in 
20% Ethanol and 0.0002M Tannic acid in deionised water were added.  The cultures 
were maintained in the dark at 28
°C for 7 days without agitation. 
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Table 2.1 Isolates of Rhizoctonia solani used in experiments 
 
___________________________________________________________________________________________________________________________________________ 
Culture   AG  Sub-  ZG  ATCC # Virulence  Isolate   Parent  Laccase Origin    Host  Collector/provider 
number   group     type      bands* 
___________________________________________________________________________________________________________________________________________ 
M43 1  1C    44661        EFGHI  Minnesota, USA?  Unknnown  N Anderson? 
F56L  2 1   62805   FI    BCDEFGH Alaska,  USA  Solanum tuberosum D.  Carling 
V99  2 1           EFGHI Unknown  Unknown  Unknown 
87.36.4  2 1           ABCDEFGH  Minnesota, USA  Unknown  C. Windels?/D. Carling 
88.40.1  2 2           ABC  Minnesota, USA  Unknown  C. Windels?/D. Carling 
I0019  2 2   4        B Myalup,  WA  S. tuberosum N.  Burgess 
I0010              C      
I0731  3            AB      
I0740  2 2 4      FI    C Nanup,  WA 
I0751  2 2 4      FI      Porongarups,  WA  S. tuberosum  N. Burgess 
I0099  3    1    FI    B Myalup,  WA  S. tuberosum  N. Burgess 
I0196  3    1        BC 
I0746  3    1    FI    ABC Manjimup,  WA  S. tuberosum  N. Burgess 
I0478  3    2    FI    B Myalup,  WA  S. tuberosum  N. Burgess 
I0489  3    2    FI    AB Myalup,  WA  S. tuberosum  N. Burgess 
I0010  3    1        C        
I0731              BC        
ST116  3    7        ABCDE Japan    A.  Ogoshi 
SCR  117  4    8        ABCDEF WA  Trifolium subterraneum M.  Barbetti 
I0427  4    X        A Myalup,  WA  S. tuberosum  N. Burgess 
SCR  122  6              WA  T. subterraneum M.  Barbetti 
OT2-1  6            ABCDEFG SA  Unknown  J.  Harris 
11034 8    1-1    HV FI     Newdegate,  WA  Triticum aestivum H.  Yang 
S20 8        HV  SSI  11034        H.  Yang 
S31 8        HV  SSI  11034        H.  Yang 
S3 8       WV  SSI  11034        H.  Yang 
S13 8        WV  SSI  11034        H.  Yang 
S38 8        WV  SSI  11034        H.  Yang   47 
S49 8        WV  SSI  11034        H.  Yang 
S2 8        SSI  11034        H.  Yang 
S5 8        SSI  11034        H.  Yang 
S6 8        SSI  11034        H.  Yang 
S11  8        SSI  11034        H.  Yang 
S15  8        SSI  11034        H.  Yang 
S21  8        SSI  11034        H.  Yang 
BS  24  9            ABCDE Alaska,  USA  Unknown  D  Carling 
R  329  10    9    FI    ABCDE Narrogin,  WA  Lupinus angustifolius  M. Sweetingham 
ROTH 26  11    3  90859    FI    ABCDEFGH Arkansas,  USA  Oryza sativa  C. Rothrock 
ZN 56  11    3  90860    FI    ABCDEF East  Chapman  L. angustifolius  W. MacLeod 
VR03  11        SSI  ZN  1716  C       V.  Reck 
VR06  11        SSI  ZN  1716  B       V.  Reck 
VR09  11        SSI  ZN  1716  D       V.  Reck 
VR13  11        SSI  ZN  1716  AB       V. Reck 
VR16  11        SSI  ZN  1716          V.  Reck 
VR17  11        SSI  ZN  1716  ABC       V.  Reck 
VR20  11        SSI  ZN  1716  ABC       V.  Reck 
___________________________________________________________________________________________________________________________________________ 
 
 
HV-highly virulent; WV-weakly virulent; FI-field isolate; SSI-single spore isolate from basidiospores identified by Yang (1993) and 
Reck (1997).  * Results obtained from this study. 
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2.2 Measurement of protein concentration (protein assay) 
 
Protein assay was performed by using the Bio-Rad protein assay kit and Bovine Serum 
Albumin (Sigma) as the standard.  The reaction mixture contained 200µl supernatant and 
800µl dye reagent, incubated for 15 minutes and OD595 was measured.  Concentrated 
samples were diluted with Phosphate Buffered Saline (PBS) pH 7.2 and the same buffer 
was used to prepare the standards. 
 
Protein concentration was also determined spectrophotometrically (Karlsson et al., 1998) 
by using the formula.  Concentration (mg/ml) = (A235-A280)/2.51 
 
 
2.2.1 Concentration of proteins 
 
 
2.2.2 Acetone precipitation 
 
Proteins were concentrated from the culture supernatant.  The culture supernatant was 
mixed with an equal volume of cold acetone (-20ºC) and incubated at -20ºC for two hours 
or overnight.  The precipitate was collected by centrifugation at 23,000g at 4ºC for 30 
minutes, dried under vacuum at room temperature for 10 minutes and dissolved in 
deionised water. 
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2.2.3 Ammonium sulphate precipitation of supernatant proteins 
 
Solid ammonium sulphate was added to the culture supernatant at 80% saturation of 
ammonium sulphate and left overnight at 4ºC.  The precipitate was collected by 
centrifugation at 23000g at 4ºC for 30 minutes and mixed with deionised water and 
dialysed against deionised water at 4
°C using a dialysis membrane with 10kDa cut-off 
(Sigma). 
 
 
2.3 Polyacrylamide gel electrophoresis (PAGE) 
 
 
2.3.1 Native PAGE 
 
Native PAGE was carried out according to the method of Laemmli (1970) with some 
modifications.  5% stacking gel [6.8ml H2O, 1.7ml 30% acrylamide (Bio-Rad), 1.25ml 
1M Tris (pH 6.8), 0.1 ml APS (freshly prepared), 0.01ml TEMED] and 10% resolving gel 
[4.01ml H2O, 3.34ml 30% acrylamide (Bio-Rad), 2.5 ml 1.5M Tris (pH 8.8), 0.4ml 
10%APS (freshly prepared)].  Freshly prepared running buffer [25mM Tris, 192mM 
glycine (ph8.3)] was used.  Samples (~30µg protein/well) were loaded and 
electrophoresed at a constant voltage of 200V for thirty minutes in a Bio-Rad mini 
protean electrophoresis apparatus.  After electrophoresis the gel was activity stained for   50
laccase with 5mM ABTS in 50ml of 25mM sodium succinate buffer pH 5 at room 
temperature. 
 
 
2.3.2 SDS-PAGE 
 
SDS-PAGE was carried out according to the method of Laemmli (1970) with some 
modifications.  5% stacking gel [3.4 ml H2O, 0.85 ml 30% acrylamide (Bio-Rad), 0.32ml 
1M Tris (pH 6.8), 0.05ml 10%SDS and 0.05ml APS (freshly prepared), 0.025ml 
TEMED] and 12% resolving gel [3.2 ml H2O, 4 ml 30% acrylamide (Bio-Rad), 2.5ml 
1.5M Tris (pH 8.8), 0.1ml 10% SDS and 0.1ml 10%APS (freshly prepared)].  Freshly 
prepared running buffer [25mM Tris, 192mM glycine and 0.1% SDS (pH 8.3)] was used. 
Samples (~10-50 µg protein) was mixed with sample loading buffer (6x) final 
concentration (120mM Tris, (pH 6.8), 30% (v/v) glycerol, 4% SDS, 4% mercaptoethanol 
and 0.02% bromophenol blue) and boiled for 3 minutes and electrophoresed at a constant 
200V for thirty minutes in a Bio-Rad mini protean electrophoresis apparatus.  For 
molecular weight calibration, broad range molecular weight marker (Bio-Rad) [Myosin 
200 kDA, ß-galactosidase 116.25 kDa, phosphorylase b 97.4 kDA, bovine serum albumin 
66.2 kDA, Ovalbumin 45kDa, carbonic anhydrase 31 kDa, Soyabean trypsin inhibitor 
21.5 kDa, lysozyme 14.1 kDa, and aprotinin 6.5 kDA] was used as the protein standard 
and prepared according to the manufacturer’s instructions. 
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2.3.3 Coomassie staining 
 
The gel was stained with coomassie blue R-250 (Sigma) [2g coomassie blue, 300ml 
methanol, 100ml glacial acetic acid and 400ml water] for 2 hours and destained overnight 
in half strength destaining solution [150ml methanol, 50ml glacial acetic acid and 600ml 
water].  Further destaining was carried out with several changes of deionised water 
 
 
2.4 Enzyme activity assays 
 
 
2.4.1 Laccase assay 
 
Laccase activity was determined by the oxidation of 2,2′-azino-bis (3-
ethylbenzthiozoline-6-sulfonic acid) (ABTS) (Sigma) at 420 nm (Roy-Arcand and 
Archibald, 1991).  The reaction mixture contained 50µl crude supernatant, 50µl of 5mM 
ABTS in 25 mM sodium succinate buffer pH 5 and 900µl deionised water.  The enzyme 
blank consisted of 50µl  crude supernatant, 50µl 25mM sodium succinate buffer pH 5 and 
900µl deionised water and the substrate blank consisted of 50µl ABTS in 25mM sodium 
succinate buffer pH 5 and 950µl deionised water.  Oxidation of ABTS was monitored by 
determining the increase in absorbance at 420 nm (ε: 3.6×10
4M
-1cm
-1) after thirty minutes 
incubation at 25°C (Barbosa and Dekker, 1996).  Absorbance was read in 1cm plastic   52
cuvettes using a Hitachi U-1100 spectrophotometer.  Laccase activity was expressed in 
terms of units/ml.  One unit of laccase activity was defined as the amount of enzyme 
required to oxidise 1 µmol ABTS per minute.  All measurements were in triplicate. 
 
For pH studies the reaction mixture contained 50µl crude supernatant, 50µl of 5mM 
ABTS in deionised water and 900µl sodium acetate buffer and adjusted to different pH 
values of 4, 4.5, 5, 5.5, 6 and 900µl 100mM Tris buffer and adjusted to pH 7 and 8.  The 
enzyme blank consisted of 50µl crude supernatant, and 950µl of appropriate buffer and 
the substrate blank consisted of 50µl 5mM ABTS in deionised water and 950µl of 
appropriate buffer. 
 
For inhibitor studies the reaction mixture contained 50µl crude supernatant, 50µl of 5mM 
ABTS in 25mM sodium succinate buffer pH5, 400µl deionised water and 500µl of 
appropriate inhibitor solution [10%, 5% and 1% of SDS (BDH), EDTA and arginine 
(Sigma)].  The enzyme blank consisted of 50µl crude supernatant, and 950µl of 
appropriate buffer and substrate blank consisted of 50µl 5mM ABTS in deionised water 
and 950µl of appropriate buffer. 
 
 
2.4.2 Pectinase, xylanase and cellulase assays 
 
Pectinase, xylanase and cellulase activities were measured by the DNS reducing sugar 
method of Miller (1959) with some modifications.  The reaction mixture contained 500µl   53
crude supernatant, 1ml 1% substrate solution [PGA (Sigma) for pectinase, CMC (Sigma) 
for cellulase and xylan (Sigma) for xylanase] and 500µl 100mM sodium acetate buffer 
pH 5.  The enzyme blank consisted of 500µl crude supernatant and 1.5ml 100mM sodium 
acetate buffer pH 5 and substrate blank consisted of 1ml 1% substrate solution and 1ml 
100mM sodium acetate buffer pH 5.  Prior to adding the supernatant the tubes were 
preincubated for five minutes at the reaction temperature.  After thirty minutes incubation 
at 25°C the reaction was stopped by adding 1 ml of DNS (40g DNS, 8g phenol, 2g 
sodium sulphite, 800g sodium potassium tartrate and 1% (w/v) NaOH in 4L of distilled 
water, filtered before use) and the tubes boiled for 10 minutes and let to cool to room 
temperature.  The reducing sugar was measured using 6mM D-glucose as the standard at 
550nm.  One unit of pectinase, xylanase and cellulase activity was defined as the amount 
of enzyme required to produce 1 µmol of reducing sugar (measured as glucose) per 
minute.  All measurements were in triplicate. 
   54
CHAPTER 3 
 
Laccase, pectinase, xylanase and cellulase production in 
Rhizoctonia solani 
 
 
3.1 Introduction 
 
Pathogenic fungi produce extracellular cell wall degrading enzymes such as laccases, 
pectinases, xylanases and cellulases.  The production of these is regulated by components 
of the media.  The regulation of laccase expression varies substantially among species 
(Cullen, 1997), as does the regulation of pectinase, xylanase and cellulase.  Many fungal 
species contain multiple laccase genes some of which may be expressed only under quite 
specific conditions (Crowe and Olsson, 2001).  A prerequisite for studying laccase 
production in R. solani isolates is to determine the conditions under which they are 
produced.  Wahleithner et al., (1996) have already established conditions for production 
of laccase in an AG-6 isolate.  However, since each AG group is substantially different in 
important characteristics such as pathogenicity, morphology and genetics (Adams, 1996; 
Carling, 1996; Duncan et al., 1993; Gonzalez et al., 2001; Kuninaga et al., 1997; Liu et 
al., 1993; Matthew, 1992; Ogoshi, 1987; Sneh et al., 1991), it is necessary to define the 
substrate conditions for AG-11.  The aim of the work in this chapter was to investigate   55
the production of laccases in AG-11. Studies were also carried out on the purification and 
partial characterisation of a laccase from a single spore isolate of R. solani (AG-11). 
 
 
3.2 Materials and methods 
 
 
3.2.1 Organism and culture conditions 
 
A single spore isolate of Rhizoctonia solani AG-11 (VR20) was used as described in 
Section 2.1. 
 
 
3.2.2 Growth media 
 
Four growth media were used as described in Section 2.1. 
 
 
3.2.2.1 Growth of mycelium for laccase production 
 
Growth of mycelium for laccase production were used as described in Section 2.1. 
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3.2.3 Protein assay 
 
Protein assay was performed as described in Section 2.2. 
 
 
3.2.4 Enzyme activity assays 
 
The activity of laccase, pectinase, xylanase and cellulase were determined as described in 
Sections 2.2.4.1. and 2.2.4.2. 
 
3.2.5 Native PAGE and activity staining 
 
Native PAGE and activity staining was carried out as described Section 2.2.3.1. 
 
 
3.2.6 Laccase purification 
 
Laccase was purified from the culture supernatant of Rhizoctonia solani AG 11(VR20) 
using two different methods – (i) anion exchange chromatography, (ii) electroelution and 
SDS-PAGE. 
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3.2.7 Purification by anion exchange chromatography 
 
 
3.2.7.1 Sample preparation 
 
The fungus was grown in V8 medium for seven days. The culture supernatant from 150ml 
of culture was filtered through Whatman No.1 filter paper.  Solid ammonium sulphate 
(16.8g/30ml) was added to the supernatant to 80% saturation and vortexed at room 
temperature for 5 minutes and kept at 4
°C overnight.  The precipitate was collected by 
centrifugation at 23000g for 30 minutes in a Beckman centrifuge at 4
°C.  The supernatant 
was discarded and the pellets dissolved in deionised water and combined to get a protein 
concentration of 2µg/mL.  The extract was dialysed against 5L deionised water overnight 
at 4
°C using dialysis membrane with 10kDa-cut off (Sigma).  The dialysate (1ml) was 
mixed with 1ml sodium acetate pH 5 and 8ml deionised water. 
 
 
3.2.7.2 Column preparation 
 
A Bio-Rad econo column was extensively washed with 70% ethanol and deionised water. 
DE 52 (Whatman) was used as the ion exchange medium.  A 20% slurry was made in 
100mM sodium acetate buffer pH 5 was loaded into the column at a total volume of 8ml. 
The column was washed extensively with several changes of 100mM sodium acetate 
buffer pH 5.   58
3.2.7.3 Chromatography 
 
All the chromatography steps were conducted at room temperature.  The dialysate was 
loaded into the column.  Proteins were eluted out with a linear gradient of NaCl (0-
250mM) in 100mM sodium acetate pH 5. 1.5ml fractions were collected and assayed for 
laccase activity.  Fractions containing laccase activity were pooled and dialysed against 
deionised water at 4
°C using a dialysis membrane with 10kDa cut-off (Sigma).  The 
dialysate was concentrated by using a Centricon 30 microconcentrator (Amicon 
corporation) with a 30kDa cut off membrane at 6000g for 30 minutes in room temperature. 
 
 
3.2.8 Purification by electroelution from a native polyacrylamide gel 
 
 
3.2.8.1 Sample preparation 
 
The culture supernatant was mixed in an equal volume of cold acetone (-20
°C) in ten 
1.5mL centrifuge tubes and kept at -20
°C for two hours.  The precipitate was collected at 
13000 g for 30 minutes at 4
°C.  The supernatant was discarded and the pellet was dried in 
vacuo for 10 minutes.  Fifty microlitres of deionised water was added to the pellets (~5U) 
and mixed with 10µL of 6x Native-PAGE gel loading buffer. 
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3.2.8.2 Native PAGE 
 
Native PAGE was carried out as described in Section 2.2.3.1. After electrophoresis one 
lane was cut off from the gel and activity stained for laccase with 5mM ABTS in 50ml of 
25mM sodium succinate buffer pH5 at room temperature after green bands began to 
appear.  Corresponding to the activity stained band, gel slices were cut off and placed in an 
eppendorf tube and mixed with 1.5ml of Tris Glycine SDS running buffer pH 8.3 or Tris 
Glycine nondenaturing running buffer pH 8.3.  A dialysis membrane (Sigma) with a 10kDa 
cut off was fitted in the mouth of the eppendorf tube. 
 
 
3.2.8.3 Elution 
 
A MINI SUB DNA
TM CELL (Bio-Rad) electrophoresis apparatus was filled with Tris 
Glycine SDS running buffer pH 8.3 or Tris Glycine non-denaturing running buffer pH 8.3 
and placed in the cold room (4
°C).  The eppendorf tube containing the gel slices was 
placed in the chamber next to the cathode.  The apparatus was connected to the power 
supply and run at a constant 50V overnight.  The eppendorf tube was then dialysed 
against 5L deionised water in the cold room (4ºC) for 5 hours.  After dialysis, the tube 
was centrifuged briefly for 1 minute at 12000g.  The supernatant was concentrated by 
using a Centricon 30 microconcentrator (Amicon corporation) with a 30kDa cut off 
membrane at 6000g for 30 minutes at room temperature.  
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3.2.8.4 Absorption spectra 
 
The UV-VIS spectrum of the laccase obtained after electroelution was recorded at room 
temperature between 900 and 200nm with a Hitachi U-1100 spectrophotometer in quartz 
cuvettes.  Electroeluting buffer (Tris-Glycine pH 8.3) was used as the blank. 
 
 
3.2.8.5 SDS-PAGE 
 
SDS-PAGE was done as described in Section 2.2.3.2 and stained as described in Section 
2.2.3.3.  The gel was photographed by a Kodak digital camera and molecular weight 
calibration was done by using the Kodak image analysis software. 
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3.3 Results  
  
 
3.3.1 Laccase production 
 
 
3.3.1.1 Time course of laccase production 
 
Laccase production of R. solani VR20 in V8 medium was analysed regularly for fifteen 
days.  The highest laccase production was found between day 6 and 7 and decreased 
thereafter (Fig. 3.1).  There was a sharp rise in laccase production from day 3 to 6.  After 
day 7 the laccase activity decreased slightly. 
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Figure 3.1 Time course of laccase production in V8 medium. The bars represent 
standard error of the mean of three replications   62
3.3.1.2 Effect of temperature on the laccase, pectinase, xylanase and 
cellulase activity 
 
The laccase activity showed a (broad) temperature range from 4°C to 37°C (Fig. 3.2a) 
with an optimum around 25°C.  All subsequent laccase assays were conducted at 25°C.  
The assay temperature for pectinase, xylanase and cellulase showed a broad range from 
4°C to 37°C and showed an optimum between 25°C to 37°C (Fig. 3.2b-d).  Pectinase 
activity declined slightly at 37°C (Fig. 3.2b). 
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Figure 3.2a Laccase                                 Figure 3.2b Pectinase 
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Figure 3.2c Xylanase                                   Figure 3.2d Cellulase 
 
Figure 3.2(a-d) Effect of temperature on (a) laccase, (b) pectinase, (c) xylanase and 
(d) cellulase activity. The bars represent standard error of the mean of three 
replications 
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3.3.1.3 Effect of pH on laccase activity 
 
Laccase activity assays were conducted within a broad pH range from pH 4 to 8.   
Maximum activity was found between pH 4.5 and 6. The activity declined from pH 6 
(Fig. 3.3). 
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Figure 3.3 Effect of pH on laccase activity. The bars represent standard error of the 
mean of three replications 
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3.3.1.4 Effect of different growth media and inducers on laccase, 
pectinase, xylanase and cellulase production 
 
In the absence of inducers, laccase production was detected in all four growth media.  
The CDOX medium proved best for laccase production with a specific activity of 
1031.25±0.01 u/ml.  Laccase production in the remaining growth media without inducers 
was significantly lower than the CDOX medium (Table-3.1).  The culture supernatants 
were analysed by laccase zymogram analysis to see if different enzymes were produced 
in different media.  In this case, an isolate of AG-11 (VR20) was grown in four different 
media and activity stained.  Supernatants from the CDOX and lupin media showed 
different  activity staining patterns.  Proteins from the V8 and apple pectin media showed 
similar banding patterns from the CDOX and lupin media supernatants (Fig. 3.4). 
 
 
 
 
Figure 3.4 Zymogram of AG-11 (VR20) showing the effect of growth medium on 
laccase production 
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The growth media were supplemented with seven different compounds previously 
reported to increase laccase activity and tested for laccase production (Table-3.1).   
Copper sulphate increased laccase production only in the lupin medium but lowered 
laccase production in the apple pectin and V8 media.  It also significantly lowered laccase 
production in the CDOX medium.  p-Anisidine totally inhibited laccase production in the 
lupin and CDOX media and significantly lowered laccase production in the apple pectin 
and V8 media.  Ethanol slightly increased laccase production in the lupin medium but 
significantly lowered laccase production in the other three media.  Manganese sulphate 
increased laccase six-fold in the CDOX medium and it showed a significant increase in 
the lupin medium and a slight increase in the V8 medium.  It also lowered laccase 
production in the apple pectin medium.  Resveratrol significantly increased laccase 
production in the V8 medium but lowered laccase production in the other three media. 
Tannic acid lowered laccase production in all the growth media. 
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Table 3.1 Effect of growth media and inducers on laccase, pectinase, xylanase and 
cellulase production.  The values represent standard error of the mean of three 
replications. 
 
Growth 
Media with 
treatments 
 
Laccase 
(U/mg 
protein) 
Pectinase  
(U/mg protein) 
 
 
Xylanase  
(U/mg protein) 
 
 
Cellulase  
(U/mg protein) 
 
 
 
Lupin 
CuSO45H2O 
p-Anisidine 
0.04%Ethanol 
MnSO47H2O 
Resveratrol 
Tannic Acid 
 
Apple Pectin 
CuSO45H2O 
p-Anisidine 
0.04%Ethanol 
MnSO47H2O 
Resveratrol 
Tannic Acid 
 
V8 
CuSO45H2O 
p-Anisidine 
0.04%Ethanol 
MnSO47H2O 
Resveratrol 
Tannic Acid 
 
CDOX 
CuSO45H2O 
p-Anisidine 
0.04%Ethanol 
MnSO47H2O 
Resveratrol 
Tannic Acid 
 
 
50.29±0.26 
68.67±0.07 
0.00 
52.13±0.13 
73.78±0.01 
3.41±0.01 
10.77±0.04 
 
72.71±0.0 
66.11±0.04 
43.04±0.01 
52.40±0.03 
66.79±0.13 
44.97±0.04 
35.24±0.02 
 
58.47±0.03 
57.03±0.03 
49.87±0.01 
56.12±0.12 
59.07±0.02 
84.54±0.02 
56.25±0.05 
 
1031.25±0.01 
129.83±0.01 
0.00 
38.7±0.01 
6820.25±0.09 
355.01±0.05 
419.62±0.10 
 
7.26±0.05 
5.97±0.02 
3.39±0.01 
4.68±0.01 
5.33±0.01 
4.50±0.01 
0.00 
 
6.56±0.01 
6.09±0.01 
4.23±0.01 
6.39±0.01 
5.32±0.04 
5.00±0.02 
4.50±0.01 
 
3.91±0.02 
4.33±0.01 
0.00 
3.18±0.02 
2.69±0.01 
2.50±0.01 
2.01±0.01 
 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
 
2.33±0.01 
1.89±0.01 
0.00 
2.11±0.01 
2.07±0.01 
0.00 
0.00 
 
1.64±0.01 
1.11±0.01 
2.11±0.01 
1.70±0.01 
1.69±0.01 
0.50±0.02 
0.75±0.01 
 
1.52±0.02 
1.14±0.01 
0.00 
1.27±0.02 
1.57±0.01 
0.00 
0.00 
 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
 
 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
 
2.46±0.01 
1.11±0.01 
1.41±0.01 
1.07±0.01 
0.73±0.01 
1.50±0.04 
0.05±0.01 
 
0.43±0.01 
0.00 
0.22±0.01 
0.00 
0.00 
0.00 
0.00 
 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
 
 
 
The effect of growth medium on production of pectinase, xylanase and cellulase activity 
was less marked than on laccase production (Table 3.1).  Pectinase and xylanase activities   68
showed an approximate two-fold difference in specific activity between the lupin, pectin 
and V8 media.  This compares to the approximate 20-fold variation seen in laccase 
production seen in the CDOX medium.  Cellulase activity was observed only in the V8 
and apple pectin media.  In the V8 medium cellulase production was suppressed by 
inducers of laccase activity.  There was no production of pectinase, xylanase and 
cellulase in the CDOX medium. 
 
 
3.3.1.5 Effect of inhibitors on laccase activity 
 
The effect of three different inhibitors, SDS, EDTA and arginine were tested on laccase 
activity.  All three inhibitors effectively inhibited laccase activity.  The most effective 
inhibitor was arginine with 100% inhibition of laccase activity in the three different 
concentrations (Fig. 3.4).  One interesting observation was that there was more inhibition 
at the lower concentration of SDS. Inhibition by EDTA was higher at the concentration of 
2.5% and gradually the percentage inhibition decreased when lower concentrations of 
EDTA was used. 
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Figure 3.4 Mean percentage inhibition of laccase activity in the presence of three 
laccase inhibitors.  Bars represent the mean standard error of three replicates 
 
 
3.3.2 Laccase purification 
 
Laccase activity was purified from the culture supernatant by anion exchange 
chromatography.  During the anion chromatography most of the laccase activity was 
separated from the other proteins (Fig. 3.5).  The proteins eluted out as a broad band 
between fractions 2 and 28.  The broad pH and temperature optimum peak suggests that 
there are multiple laccase isozymes.  The purification steps are shown in Table-3.2 and 
3.3. In the anion exchange chromatography, the specific activity increased from 0.92 
U/mg protein to 49 U/mg protein during step 4 (pooled fractions after dialysis) but 
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decreased to 4.54 U/mg protein in the final step and the purification fold from 49 (step 4) 
to 4.9 in the final step (Centricon 30).  In the electroelution method the specific activity 
increased from 30 to 1500 U/mg protein representing a 50-fold increase in purification. 
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Figure 3.5 Purification of laccase from Rhizoctonia solani VR20 by anion exchange 
chromatography. NaCl gradient (black line) 0-250mM was used.  The arrows 
represent the multiple laccase peaks 
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Table 3.2 Purification of laccase from R. solani AG-11 (VR20) by anion exchange 
chromatography. 
Purification Step 
 
Total Protein 
(mg) 
Specific Activity 
(U/mg) 
Total Activity 
(Units) 
Yield 
(%) 
 
Purification 
(fold) 
Culture filtrate  207  0.92  190.44  100  1 
(NH4)2SO4 precipitation   2.7  2  5.4  2.8  2.2 
Pooled fractions  3.42  26.5  90.63  47.5  28.8 
Pooled fractions after dialysis  3.42  49  167.58  87.8  53.3 
Centricon-30  13.68  4.54  62.1  32.6  4.9 
 
 
Table 3.3 Purification of laccase from R. solani AG-11 (VR20) by electroelution. 
Purification Step 
 
Total Protein 
(mg) 
Specific Activity 
(U/mg) 
Total Activity 
(Units) 
Yield 
(%) 
 
Purification 
(fold) 
Culture filtrate  8.1  30  240  100  1 
(NH4)2SO4 precipitation   1.08  208.3  225  93.75  6.94 
Electroelution  0.06  1500  90  37.5  50 
 
 
The concentrated proteins from the electroeluted gel slices (using SDS) resolved into one 
strong band of 38kDa and one weak band around 200kDa (lane 2) and the pooled 
fractions (2-40) from the chromatography resolved into two bands of 66kDa and 38kDa 
when separated by SDS-PAGE (Fig. 3.6, lane 3).  The electroeluted proteins (without 
SDS) resolved into a single strong band of about 66 kDa (Fig. 3.6, lane 5).   72
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Figure 3.6 Coomassie stained SDS-PAGE gel. Estimation of molecular mass of 
purified laccase. Lane 1- Molecular weight markers; Lane 2- Purified laccase by 
electroelution using SDS. The arrows indicate different protein bands; Lane 3- 
Purified laccase by anion exchange chromatography. The arrows indicate the 
laccase bands; Lane 4- Ammonium sulphate precipitated protein. The arrows 
indicate different protein bands; 5- Purified laccase by electroelution. The arrow 
indicates the 66kDa laccase band. 
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The absorption spectra of the purified laccase is shown in Fig. 3.7.  Absorbance maxima 
were recorded at 240nm and 340nm.  There was strong absorbance between 330 and 
350nm.  The absorption between 340 nm could be a type 3 binuclear copper site 
(Thurston, 1994).  The peak at 240nm is due to the absorbance by the peptide bond 
(Karlsson, 1998). 
 
Figure 3.7 Absorption spectrum of laccase obtained after electroelution using non-
denaturing conditions 
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3.4 Discussion 
 
In some media the addition of some inducers produced an increase in laccase production 
whilst in other media they did not.  Addition of copper sulphate induced higher laccase 
production in the lupin and CDOX media.  Galhaup and Haltrich, (2001) added copper 
sulphate during the exponential phase of growth for maximum effect  but in the present 
study copper sulphate was added prior to inoculation of the growth medium.  The effect 
of copper is observed only in the media and during log phase (Salas et al., 1995).  Copper 
is also used to enhance the production of secondary metabolites in plant tissue cultures 
(Christen et al., 1992; Ermayanti et al., 1994).  This may be related to its effect on 
laccase which can be involved in the production of melanin during sclerotia formation 
(Crowe and Olsson, 2001). 
 
In an attempt to increase laccase production inducers previously reported to stimulate 
laccase production in fungi were tested in the current study.  In most cases these inducers 
had a negative effect on laccase production.  The only inducers that did stimulate laccase 
production were CuSO4 (lupin medium), MnSO4  (lupin and CDOX media) and 
resveratrol (V8 medium).  p-anisidine inhibited the production of laccase in the current 
study.  This contrasts with previous results showing that p-anisidine increases laccase 
production in R. solani (Wahleithner et al., 1996; Crowe and Olsson, 2001).  The results 
of Crowe and Olsson (2001) suggest that the induction is due to heat shock signalling.  
This is part of the stress response of the host.  In this study p-anisidine supplemented 
media caused deep pigmentation of the mycelia and the culture media.  However, p-  75
anisidine has been shown to reduce laccase activity in Trametes pubescens (Galhaup and 
Haltrich, (2001).  Wahleithner et al., (1996) showed by northern-blot analysis that 
induction of the lcc4 gene in R. solani is increased by the addition of p-anisidine but in 
the present study p-anisidine caused a decrease in laccase activity in the apple pectin and 
V8 media.  In R. solani, lcc1, lcc2 and lcc3  are clustered but are separated from lcc4 
suggesting a relationship between genomic organization and transcriptional regulation 
(Wahleithner et al., 1996). 
 
Ethanol induced laccase production only in the lupin medium but the increase in activity 
was not very high. 
 
Previous studies have shown that fungal laccases are generally active at low pH (Mediros 
et al., 1999) but in the present study the laccase activity in the crude supernatant showed 
activity over a wide pH  and temperature range.  This could be due to the involvement of 
multiple laccase isozymes. 
 
R. solani produced laccase on all the carbon sources tested without addition of inducers, 
and the CDOX medium showed the highest specific activity of the media tested.  R. 
solani in the apple pectin medium with or without inducers was able to produce both 
laccase, pectinase, xylanase and cellulase activity, which agree with the results of Mayer 
(1987).  The effect of growth media also showed difference in activity staining (Fig. 3.4).  
Difference in activity staining suggests that the laccase genes are induced differently by 
different media conditions.  In the current study, the specific activity of laccase was   76
highest in the CDOX medium.  The CDOX medium protein also showed a  difference in 
migration pattern and activity staining when compared to V8, apple pectin and lupin 
media protein. 
 
All three inhibitors (SDS, EDTA and arginine) tested showed inhibition of laccase 
activity.  One interesting finding was that the lower concentration of SDS showed more 
inhibition than the higher concentration.  Recently, Diamantidis et al., (2000) reported the 
purification and characterisation of laccase from Azospirillum lipoferum 4T.  They 
described a multimeric enzyme that could be activated by SDS. Castro-Sowinski et al., 
(2002) also reported that the higher reactivating concentration of SDS is due to limited 
conformational changes that induce the activation of a latent enzymatic form. 
 
Arginine totally inhibited laccase activity.  Cullen (1997) did multiple alignment of lignin 
peroxidase genes from 21 fungi and shown that pairwise amino acid sequence 
comparison ranges from 53 to 98%.  He stated that residues believed essential to 
peroxidase activity are conserved i.e., the proximal heme ligand and the distal histidine 
and arginine are conserved at the distal side of all peroxidases and are directly involved in 
the reaction with hydrogen peroxide and the stabilization of the oxidised stages of the 
enzyme.  These residues form a conserved H-bond network with arginine stabilising the 
complex by electrostatic interactions.  The crystal structure of manganese peroxidase 
shows similarities with lignin peroxidase.  Its active site has a proximal histidine ligand 
H- bonded to an aspartic acid residue and a distal side peroxide binding pocket consisting 
of a catalytic histidine and arginine (Sundaramoorthy et al., 1994).  Since peroxidases   77
and phenoloxidases have similar structures, it is possible that the addition of arginine 
disrupts the electrostatic interactions of the complex rendering it inactive.  Deduced 
polypeptides of 11034 (AG-8), VR20 (AG-11) and SCR122 (AG-6) showed conserved 
regions of histidine and arginine resdiues (Chapter 6, Fig. 6.5) 
 
Multiple peaks of laccase by anion exchange chromatography were observed.  Similar 
results have been obtained in the production of multiple laccase isoforms by 
Phanerochaete chrysosporium was reported by Dittmer et al., (1997).  They found four 
peaks during high performance liquid chromatography on a MonoQ column and 
suggested that the four peaks correspond to four laccase isoforms.  In the current study, 
the multiple peaks observed in the chromatogram displayed significant absorbance at 280 
nm and eluted away from other proteins and could be due to different isoforms of laccase.  
More investigation is required to determine whether the multiple peaks are isozymes or 
are allozymes. 
 
SDS-PAGE analysis of the electroeluted protein showed a single band of 66kDa which is 
the reported molecular weight of lcc4 of the AG-6 isolate of R. solani RS22 (Wahleithner 
et al., 1996) and consistent with most fungal laccases which have molecular masses 
between 50 and 80kDa (Saloheimo et al., 1991, Coll et al., 1993, Eggert, et al.,1996 and 
Périé, et al., 1998). 
 
The VR20 total proteins when subjected to Native-PAGE and activity staining showed a 
single band (Chapter 4).  This band when electroeluted and subjected to SDS-PAGE   78
showed a single band of 66kDa.  Edens et al., (1999) reported that purified laccase from 
Gaeumannomyces graminis var tritici showed a single band by activity staining. 
 
Laccases commonly contain 4 Cu atoms in three different types of copper binding sites (a 
type 1, a type 2, and a type 3 binuclear site) (Edens et al., 1999).  The spectral analysis 
showed the typical peaks as expected from a pure form of laccase but did not reveal the 
characteristic peak near the 600nm expected for the type 1 copper site found in most 
laccases (Fig.3.10).  Laccase-like enzymes which lack the typical absorption around 
600nm have been reported (Palmieri et al., 1997, Leontievsky et al., 1997 and Edens et 
al., 1999) where copper appears in the reduced form (Mayer and Staples, 2002).  The 
absorption at 340nm could be a type 3 binuclear copper site (Thurston, 1994).  The 
absorbance at 240nm is due to the presence of the peptide bond (Karlsson et al., 1998). 
 
In this chapter, the production, purification and some properties of laccase from a single 
spore isolate of R. solani VR20 have been discussed.  The pH and temperature studies 
indicate a broad range of laccase activity suggesting the existence of multiple isozymes.  
Laccase induction by copper and manganese suggest the existance of metal binding sites.  
Laccase inducers were observed to inhibit the production of pectinase, xylanase and 
cellulase.  Laccase activity was shown to be reactivated by a higher concentration of 
SDS.  Laccase was also purified to homogeneity by SDS-PAGE and its molecular mass 
was determined. 
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CHAPTER 4 
 
Zymogram analysis of laccase 
 
 
4.1 Introduction 
 
Isolates of R. solani show considerable variation in morphological and pathogenic 
characteristics but can be usefully divided into anastomosis groups (AG) that show some 
correlation with pathogenicity (Carling et al., 1996).  Sweetingham et al., (1986) 
subdivided AG-8 into five pectic zymogram groups (ZG) on the basis of the pectic 
enzymes they produce.  Studies on R. solani have shown that isolates produce multiple 
forms of pectic enzymes (Marcus et al., 1986; Scala et al., 1980).  However, R. solani is a 
complex species containing a tremendous variety of isolates.  Even within an AG, there is 
still considerable variation so that comparisons between isolates can be meaningless 
unless there are shown to be isogenic in other characters.  Yang et al., (1994) have shown 
that isolates belonging to a single pectic zymogram group (ZG), ZG1-1 are 
indistinguishable by RAPD-PCR but show difference in virulence.  O’Brien and Zamani 
(2003) have shown by activity staining of pectic enzymes the segregation of pectic 
enzyme bands in single spore isolates and suggested that the enzyme patterns represent 
alternative sets of alleles at the same locus and segregation appeared to show a degree of 
correlation with virulence.  They have also shown that there are no differences in the 
pectic enzymes produced by highly virulent and weakly virulent strains but found   80
differences in the proteins produced by the two types of isolates as detected by SDS-
PAGE.  They suggested that there may be factors other than pectic enymes associated 
with virulence.  There is also experimental evidence obtained from other species that 
laccases are virulence factors for phytopathogenic fungi (Rigling and VanAlfen, 1991 & 
1993; Ahn and Lee, 2001).  Investigation of laccases as virulence determinants would 
provide an unique opportunity to investigate factors determining pathogen–host 
interactions. 
 
Biochemical analysis of fungal culture media has shown that individual species may 
express several laccase isozymes which can differ in regard to pH optimum, substrate 
specificity, molecular weight and cellular location (Blaich and Esser, 1975; Leonowicz et 
al., 1978; Bollag and Leonowicz, 1984; Mayer, 1987).  Whether these isozymes are the 
products of separate laccase genes or originate from differential post–translational 
modification of a single gene product is unknown. 
 
This chapter deals with the activity staining of laccases from different anastomosis 
groups (AGs) and isolates of R. solani using zymograms with the aim of discerning 
various isoenzymes within isolates from the same anastomosis group isolates or 
differences between the different anastomosis groups. 
 
The overall aim of the study was to see if the laccase zymogram pattern correlated to 
virulence. 
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4.2 Materials and methods 
 
 
4.2.1 Organism  
 
Rhizoctonia solani isolates are used as described in Section 2.2 (Table-1). 
 
 
4.2.2 Growth medium and culture conditions 
 
Growth medium and culture conditions were as described in Sections 2.1 and 3.1.1.2 
 
 
4.2.3 Protein assay 
 
Protein assay was performed as described in Section 2.2.1. 
 
 
4.2.4 Laccase assay 
 
Laccase activity was determined as described in Section 2.2.5.1. 
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4.2.5 Protein precipitation 
 
Protein precipitation was done as described in Section 2.2.2.1.  Fifty microlitres of 
deionised water was added to the protein pellets and vortexed at room temperature. 
 
 
4.2.6 Native PAGE and activity staining 
 
Native PAGE and activity staining was carried out as described under Section 2.2.3.1. 
 
 
4.3 Results 
 
 
4.3.1 Zymogram analysis between different anastomosis groups 
 
In order to determine if there was a correlation between pathogenicity and laccase 
banding patterns, a comparision between the banding pattern of isolates from different 
AGs was made.  There were differences in the banding patterns between isolates (Fig. 
4.1). A number of bands were observed in the zymogram.  These are indicated by letters 
(Fig. 4.1; Table 1).  The patterns reveal that there is variation between AGs, however 
there is also variation within an AG.  There are no bands specific to an AG or subgroup.  
The most common band “B” was observed in the isolates from AG-2 (lane 3, 4 & 6)),   83
AG-3 (lane 5), AG-4 (lane 7), AG-6 (lane 8), AG-9 (lane 9), AG-10 (lane 10), AG-11 
(lane 11) and AG-11 (lane 12).  There was also variability within AGs.  In the AG-2 
isolates (lane 2, 3, 4 and 6) different banding pattern were seen.  In lane 2 laccase bands 
“EFGHIJ”, lane 3 laccase bands “BCDEFGH”, lane 4 laccase bands “ABCDEFGH” and 
in lane 6 laccase bands “ABC” were seen.  The band “J” was seen only in the isolate in 
lane 2.  Difference in laccase banding pattern was also seen between the two AG-11 
isolates (lane 11 & 12).  In lane 11 laccase bands “ABCDEF” and in lane 12 laccase 
bands “ABCDEFGH” were seen.  The laccase bands “ABCDEFGH” were found in AG-2 
(lane 4) and AG-11 (lane 12). 
 
           1        2         3          4        5         6         7           8          9       10       11       12 
       AG -1    AG-2        AG-2           AG-2     AG-3      AG-2        AG-4          AG-6        AG-9     AG-10      AG-11     AG-11 
            M43      V99         F56L           87.36.4   ST116     88.40.1     SCR117    OT2-1        BS24      R369        ZN56      ROTH26 
 
 
Figure 4.1 Zymogram analysis of different anastomosis groups of Rhizoctonia solani.  
The letters “A, B, C, D, E, F, G, H, I and J” represents laccase activity bands in the 
zymogram 
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4.3.2 Zymogram analysis within the same anastomosis groups 
 
The data in Fig. 4.1 show that there is variation in zymogram patterns between AGs.  
However, it was necessary to determine wheather there is also variability within AGs. 
Differences in  banding patterns were found between the isolates of the same anastomosis 
groups (Fig. 4.2).  Band A was found only in lane 2 (AG-3), lane 6 (AG-3) and lane 7 
(AG-4).  Band B was found in lane 1 (AG-3), lane 2 (AG-3), lane 3 (AG-3), lane 4 (AG-
3), lane 5 (AG-3), lane 6 (AG-3) lane 7 (AG-4) and lane 8 (unknown AG) and band C 
was seen only in lane 9 (AG-9) and in lane 1 (Fig. 4.2).  The AG-2 isolate (lane 9) also 
shows tremendous variability in the laccase banding pattern from the four AG-2 isolates 
shown in Fig. 4.1 (lanes 2, 3, 4 and 6).  The AG-4 isolate (lane 7) has laccase bands “AB” 
whereas the AG-4 isolate in Fig. 4.1 (lane 7) has the laccase bands “ABCDEF”.  The 
unknown isolate (lane 8) with the band “B” showed banding pattern similar to most of the 
AG-3 isolates (Fig. 4.2). 
 
                              1         2          3        4         5         6         7          8         9 
                            AG 3        AG 3       AG 3       AG 3       AG 3       AG 3        AG 4    Unknown     AG 2 
                                          I0196       I0746       I0099      I0019       I0478      I0489        I0427       I0731       I0010  
 
 
Figure 4.2 Zymogram analysis within the same anastomosis groups of Rhizoctonia 
solani.  The letters “A, B and C” represents laccase activity bands in the zymogram 
A B
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4.3.3 Zymogram analysis of single spore isolates of the same 
anastomosis groups 
 
To see if segregation of laccase is associated with virulence, an analysis of laccase 
zymogram patterns from some of the HV and WV SSI was done.  Therefore, analysis of 
single spore progeny may indicate how many laccase genes there are in the single spore 
isolates of AG8.  The parent isolate (lane 1) differed from the other isolates in having two 
bands A and B whereas the progenies only have band B (Fig. 4.3). 
                                           1      2         3        4       5       6       7 
                                        AG-8     AG-8     AG-8      AG-8     AG-8   AG-8     AG-8 
                                                            11034       S2           S6         S13         S15      S20         S31 
                                                              HV                                      WV                    HV       HV 
 
 
Figure 4.3 Zymogram of AG 8 Rhizoctonia solani single spore isolates.  The letters 
“A and B” represents laccase activity bands in the zymogram 
 
 
However, in contrast to the AG-8 isolates there was a difference in the migration pattern 
of the bands in the single spore isolates of AG-11 (Fig. 4.4).  The bands A and B were 
seen in lane 1 (VR20), lane 5 ((VR13) and lane 6 (VR06).  Band A was seen in lane 1 
(VR20), lane 5 (VR13) and lane 6 (VR17).  Band C was found only in lane 2 (VR03).  
Band D was found only in lane 4 (VR09), but interestingly not in the parent. 
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                                              1       2         3         4        5       6        
                                                                 AG-11   AG-11     AG-11      AG-11    AG-11 AG-11 
                                                                  VR20     VR03       VR06     VR09      VR13    VR17 
 
 
Figure 4.4 Zymogram of AG11 single spore isolates of Rhizoctonia solani.  The 
letters “A, B and C” represents laccase activity bands in the zymogram 
 
 
4.4 Discussion 
 
Laccase zymograms revealed differences between isolates from different anastomosis 
groups.  The aim of the experiments in this chapter was to see if differences in laccase 
zymogram patterns correlated with differences in pathogenicity.  R. solani is a complex 
species divided into a number of anastomosis groups which correlate with pathogenicity 
and/or type of disease (Carling et al., 2002). 
 
The zymogram analysis showed very strong activity stained bands in all the gels.   
Although no purified enzyme preparation was used for activity staining for laccases, all 
the isolates tested showed strong banding patterns. Isolates SCR117 (Fig. 4.1, lane 7), 
BS24 (Fig. 4.1, lane 9) and 11034 (Fig. 4.3, lane 1), showed two activity bands with one 
A
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intense band suggesting that two types of laccases are possibly produced by these 
isolates.  Muñoz et al., (1997) reported two laccase isoenzymes of Pleurotus eryngii by 
activity staining. 
 
The single spore isolates of AG-11 (VR20, VR03, VR06, VR09, VR12, VR17) showed 
different banding patterns (Fig. 4.4) suggesting that these isolates are producing different 
isoenzymes within the same anastomosis group and the differences in the banding pattern 
might correspond to the segregation of different alleles between the isolates.  In the AG-2 
and AG-11 isolates (Fig. 4.1), the differences in the migration of the activity stained 
bands raises the possibility of different alleles within the different anastomosis groups.  
These differences in the laccase banding pattern may also be due to region specificity.  
For example, the AG-2 isolate F56L (Fig. 4.1, lane 3) from Alaska, USA showed 
differences in the laccase banding pattern to the other AG-2 isolate 88.40.1 (Fig. 4.1, lane 
6) from Minnesota, USA.  Regional differences were also found between AG-11 isolates 
ZN56 (Fig. 4.1, lane 11, East Chapman, Western Australia) and ROTH26 (Fig. 4.1, lane 
12, Arkansas, USA).  There was also a difference in the banding pattern between isolates 
from the same region.  Differences were found between the two AG-3 isolates I0478 
(Fig. 4.2, lane 5, Myalup, Western Australia) and I0489 (Fig. 4.2, lane 6, Myalup, 
Western Australia). 
 
Although there were no differences in the laccase banding pattern between the SSI of 
AG-8 (Fig. 4.3) there were differences in the banding pattern compared to the parent 
isolate 11034 (Fig. 4.3, lane 1).  There were also no differences between HV and WV   88
SSI.  Similar results were obtained during the pectic enzyme production between AG-8 
HV and WV field isolates (O’Brien and Zamani, 2003).  Similar results have been 
obtained in the segregation of banding pattern in the SSI of AG-11 (Fig. 4.4).  This clear 
segregation in such a small sample size suggests that the patterns represent alternative set 
of alleles in the same locus.  The segregation of laccase banding patterns among HV and 
WW SSI of AG-8 (Fig. 4.3) could not be correlated to virulence.  Although there was 
clear segregation of the laccase genes in the AG-11 SSI (Fig. 4.4) the pathogenicity and 
virulence of these isolates need to be tested. 
 
Most of the isolates show at least two laccase activity bands migrating close together, 
whilst in three cases (AG-4, AG-8 and AG-9) the bands were well separated.  Would we 
expect more than one band or should there be only a single isozyme?  A single band may 
be multiple isozymes.  Postranslational processing e.g., glycosylation and 
phosphorylation may create multiple forms from a single protein.    89
CHAPTER 5 
 
Role of laccase in cell wall degradation 
 
 
5.1 Introduction 
 
Tissue maceration is a symptom of infection associated with necrotrophic plant 
pathogenic bacteria and fungi.  Many pathogenic fungi have evolved enzymes capable of 
degrading the various host cell wall components.  Maceration is brought about by the 
degradation of the cell wall and lysis of the cells at the site of infection (Bateman and 
Basham, 1976).  Cell wall degrading enzymes and their genes have been studied for their 
possible role in pathogenicity, including penetration, maceration, nutrient acquisition, 
plant defence induction, and symptom expression (Walton, 1994).  Most investigations 
into maceration have focussed on the role of pectinases and cellulases in cell wall 
degradation and there is now an established body of evidence that pectinases are 
important virulence determinants (Hahn et al., 1989; Barras et al., 1994; Walton 1994; 
Isshiki et al., 2001). 
 
In the cell wall, cellulose and pectin are often complexed with lignin (Kirk and Farrell, 
1987).  Laccases can assist in the degradation of cellulose and pectin by degrading the 
lignin component (Ander and Marzullo, 1997; Eriksson et al., 1993; Eriksson et al., 
1990; Leonowicz et al., 1986; Rogalski, 1986).  There is also experimental evidence that   90
laccases are virulence factors for phytopathogenic fungi (Rigling and VanAlfen, 1991 & 
1993; Ahn and Lee, 2001). Rigling and VanAlfen (1991) have shown that a double-
stranded RNA virus of the chestnut blight pathogen, Cryphonectria parasitica, reduced 
the accumulation of mRNAs of extracellular laccase produced by this fungus.  Rigling 
and VanAlfen (1993) also found that laccase activities were significantly reduced in the 
hypovirulent (double-stranded RNA-infected) strain compared with the isogenic virulent 
(double-stranded RNA-free) strain.  Ahn and Lee (2001) have shown that a viral double-
stranded RNA up regulates the fungal virulence of Nectria radicicola  and the dsRNA 
was associated with high levels of virulence, sporulation, laccase activity, and 
pigmentation in this fungus. 
 
The aim of this chapter was to investigate the role of laccase in tissue maceration. 
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5.2 Materials and methods 
 
 
5.2.1 Organisms and culture conditions 
 
R. solani isolates 11034 (AG-8), BS24 (AG-9), I0019 (AG-2), ROTH26 (AG-11) and 
VR20 (AG-11) were used and were maintained on PDA and grown in V8 medium as 
described in Section 2.1. 
 
5.2.2 Enzyme activity assays 
 
Pectinase, xylanse, cellulase and laccase activities were assayed as described in Sections 
2.2.4.2. and 2.2.4.3. 
 
5.2.3 Tissue maceration assay 
 
 
5.2.3.1 Preparation of potato cubes 
 
A potato was peeled and washed extensively in sterile water. Potato cubes (approx. 1cm
3) 
were then cut with a flame sterilised razor blade. 
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5.2.3.2 Preparation of lupin radicles 
 
Lupin (Lupinus angustifolia) seeds were surface sterilized with 2.5% sodium 
hypochlorite solution for 15 minutes followed by 1 minute in 70% ethanol and three 
rinses of sterile deionised water, then placed on sterile filter paper (Whatman No.1) with 
sterile deionised water, in a sterile petri plate.  The seeds were germinated at room 
temperature in the dark.  After approximately 6 days the radicle was excised from the 
base of the seed with a sterile blade. 
 
 
5.2.3.3 Tissue maceration assay 
 
The assay was carried out in a 30ml screw capped sterile McCartney bottle.  The assay 
mixture in a total volume of 2ml contained 25mM sodium acetate buffer pH5, 300µl 
supernatant, and 0.5% arginine.  The mixture was incubated at 25ºC for 16 hours.  The 
length of the radicle (whole length) and discoloured length was measured with a 
centimeter ruler after the assay.  The weight of each potato cube was taken before (in a 
sterile bottle without reaction mix) and after the assay (by drying the cubes in tissue 
paper).  Eight replicates each were used for the control, the test and the blanks.  The 
maceration extent was determined as the percentage decrease in weight of the potato 
cubes or the length of the discoloured radicle or degree of maceration in the transverse 
sections. 
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5.2.3.4 Staining lupin radicles for lignin 
 
To determine the extent of lignification, tissue sections were stained with a modified 
method of Conn (1953).  Thin freehand transverse sections of the lupin radicles were 
made with a razor blade.  The sections were mounted on a slide and stained with 1% 
aqueous safranin O for 30 minutes, rinsed in distilled water, counterstained with 0.2% 
fast green FCF in alcohol for 5 minutes and rinsed with absolute alcohol.  The sections 
were then rinsed with water and covered with a coverslip.  The transverse sections were 
observed under a light microscope at 40X magnification and the photographs were taken 
by a digital camera. 
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5.3 Results 
 
 
5.3.1 Effect of arginine on pectinase, xylanase, cellulase and laccase 
activities 
 
The laccase activity was totally inhibited by 0.5% arginine.  However, there was no 
inhibition of pectinase, xylanase or cellulase activity when arginine was present in the 
reaction mixture (Fig. 5.1).  Therefore, laccase can be selectively inhibited in order to 
assess its role in tissue maceration. 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Effect of arginine on pectinase, xylanase, cellulase and laccase activity. 
The isolate used was a single spore isolate (VR20) of Rhizoctonia solani AG11. The 
bars represents standard error of the mean of eight replicates 
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5.3.2 Differential staining of the lupin radicle 
 
Traditionally the method for assessing maceration is to incubate slices of potato tuber in 
an enzyme solution.  However, these do not contain lignin and hence cannot be used to 
evaluate the role of laccases in maceration.  Lupin radicles were chosen as an alternative 
plant and the presence of lignin was confirmed by differential staining (Fig. 5.2).  The 
differential staining revealed cell walls interspersed with lignin and cellulose (Fig. 5.2).  
Safranin stained lignified tissue red and the fast green stained cellulose walls green. 
 
 
 
Figure 5.2 Transverse section of lupin radicle.  Staining of lupin radicle for lignin.  
The green arrow shows cellulose walls and the red arrow shows lignified tissue.  
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5.3.3 Tissue maceration of lupin radicles 
 
Maceration of the tissue was confirmed by microscopic examination.  Examination of 
transverse sections showed almost complete disintegration of the tissue characteristic of 
maceration (Fig 5.3a).  In contrast the water incubated control tissue maintained it’s 
integrity (Fig. 5.3b). 
 
The presence of arginine almost completely inhibited maceration of the lupin radicles 
(Fig. 5.4a).  Maceration was evident as brown staining of the tissue (Fig 5.4b).  The 
intensity of the brown discolouration and the extent of discolouration varied between 
radicles, it ranged from radicles which showed only slight discolouration to those that 
were entirely discoloured (Fig 5.4b).  In some cases the discolouration extended the entire 
length of the radicle, whilst in others it was localised.  Radicles incubated in buffer 
without supernatant did not show any discolouration (Fig 5.4c). 
 
The length of the discoloured region was measured to give a quantitative measure of the 
extent of maceration.  The intensity of discolouration was not factored into the 
quantitative measurement.  In the absence of arginine  the radicle was 80-90% macerated, 
whilst in the presence of arginine the extent of maceration was less than 10%.  This 
suggests that laccase plays a role in the maceration of plant tissue by R. solani. 
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    Fig. 5.3a                                                                                                  Fig. 5.3b 
 
Fig. 5.3a Transverse section of lupin radicle showing tissue maceration.  Culture supernatant of R. solani AG-11 VR20 was 
used as the source of macerating enzymes. 
 
Fig. 5.3b Transverse section of lupin radicle showing intact tissue when there was only buffer and water in the reaction 
mixture 
   98
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Figure 5.4a Bar graph showing percentage tissue maceration by VR20 
 
Figure 5.4b Macerated lupin radicles (Arginine absent), maceration indicated by 
necrosis..Dark brown tissue showing severe necrosis 
 
Figure 5.4c Intact non-macerated lupin radicles (Arginine present).  Culture 
supernatant of R. solani AG-11 (VR20) was used as the source of macerating 
enzymes   99
Tissue maceration was also carried out with other isolates of R. solani.  The isolates were 
chosen on the basis of their zymogram patterns (Chapter 4).  All isolates macerated lupin 
radicles to the same extent (Fig. 5.5). 
 
 
 
 
 
 
 
 
 
Figure 5.5 Percentage maceration of lupin radicle length by different isolates of R. 
solani-  11034 (AG-8), BS24 (AG-9), I0019 (AG-2), ROTH26 (AG-11) and VR20 
(AG-11).  The bars represent standard error of the mean of three replications 
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5.3.4 Tissue maceration in potato tissues 
 
The results in the preceding section suggest that laccase is necessary for maceration of 
tissue that contains lignin.  Experiments with maceration of potato tuber tissue with 
enzymes from pectolytic bacteria and fungi have demonstrated that the maceration is 
carried out by the pectinases and cellulases (Barras et al., 1994; Palva et al., 1993; Willis 
et al., 1987).  Since tuber tissue does not contain lignin, laccase should not be required 
and maceration should occur even in the presence of arginine. 
 
All of the isolates tested were able to macerate potato tuber tissue (Fig 5.6).  The 
reduction in weight of the tissue ranged from 7% with the ROTH26 isolate to 18% with 
the 11034 isolate.  The water incubated control showed no significant reduction in weight 
indicating that the weight reduction was due to the fungal enzymes.  The addition of 
arginine to the enzyme solution had no significant effect.  It some cases it resulted in 
slightly higher levels of maceration (ROTH26 and VR20), whilst in others it marginally 
reduced the extent of maceration (I0019).   101
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Figure 5.6 Percentage decrease in weight of potato cubes by different isolates of R. 
solani in the presence or absence of arginine.  The bars reperesent standard error of 
the mean of three replications 
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5.4 Discussion 
 
This study has shown that arginine can selectively inhibit laccase activity without 
affecting the activities of pectinase, xylanase and cellulase.  The epidermis of lupin (Fig. 
5.2 is interspersed with lignin and cellulose and provides the first barrier to macerating 
enzymes.  Macerating enzymes were able to macerate the lupin radicles  by breaking 
down the lignified cell walls when there was no arginine.  By selectively inhibiting 
laccase with arginine the maceration of lupin radicles is inhibited but not in its absence, 
which suggests that laccase is required by R. solani for penetration.  Bateman (1968) used 
the medulla tissue of potato tuber in tissue maceration and later the role of pectinases in 
tissue maceration of the medullary tissue of potato has been shown (Bateman and 
Basham, 1976; Cooper, 1983; Caprari et al., 1993).  Potato medulla tissue does not 
contain lignified tissue and apparently laccase is not required for maceration of potato 
tuber tissue. 
 
All the R. solani isolates from different anastomosis groups macerated lupin radicles to a 
similar extent (Fig. 5.5) but showed variability in their ability to macerate potato tissue 
(Fig. 5.6).  The isolates could be correlated to laccase zymogram pattern based on their 
ability to macerate potato tissues.  The highly virulent strain 11034 (AG-8) produced the 
most  maceration of potato tissue, and it had two different activity bands in the zymogram 
analysis.  Therefore, an isolate’s ability to macerate lupin radicles can be correlated with 
pathogenicity and laccase zymogram pattern. 
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Since lignin, degraded by lignin peroxidase, provides substrates for laccase, both 
enzymes can be considered as “partners” in certain biotransformation routes of lignin 
(Leonowicz et al., 2001).  In the broad host range pathogen Botrytis cinerea, pectin not 
only induces pectic enzymes but also serves as a second inducer of laccase synthesis and 
secretion (Marbach et al., 1984).  Since pectin can be esterified to phenolic compounds 
like ferrulic acid and covalently linked with lignin, laccases may also be required for 
penetration (Nicole et al., 1992).  Importantly, specific inhibition of laccase by tetracyclic 
triterpenoids called cucurbitacins protected both cucumber fruits and cabbage leaves 
against infection by Botrytis cinerea (Bar-Nun and Mayer, 1989). 
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CHAPTER 6 
 
Molecular characterisation of laccase genes 
 
 
6.1 Introduction 
 
A more thorough investigation of laccase and its involvement in virulence requires 
knowledge of the laccase genes and their organisation.  Laccase genes have been cloned 
from a number of fungal species.  Four different laccases have been cloned and 
sequenced in Rhizoctonia solani (Wahleithner et al., 1996).  Four laccase isozyme genes 
have been cloned from the edible mushroom, Pleurotus sajor-caju (Soden and Dobson, 
2001). Kim et al., (2001) have cloned a genomic DNA fragment between the copper 
binding regions I and II of a laccase by PCR from Coprinus congregatus. Yaver et al., 
(1999) cloned and sequenced three laccase genes (lcc1, lcc2, and lcc3) from the ink cap 
basidiomycete Coprinus cinereus. 
 
The aim of this chapter was to analyze the laccase gene sequences in three R. solani 
isolates. 
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6.2 Materials and methods 
 
6.2.1 Fungal strain 
 
Rhizoctonia solani isolates 11034 (AG-8) , VR20 (AG-11) and SCR 122 (AG-6) were 
used in this study. 
 
6.2.2 Isolation of fungal genomic DNA 
 
Fungal genomic DNA was isolated by the modification of the method of Raeder & Broda 
(1985).  The fungi were grown in petri dishes containing 20ml V8 medium for 4 days at 
25±1°C.  The mycelia were washed extensively with deionised water, pressed between 
sheets of paper towels to dry and ground into powder with mortar and pestle in liquid 
nitrogen.  The powder was transferred to a 30ml nalgene centrifuge tube and mixed with 
10ml extraction buffer (200mM Tris HCl pH 8.5, 250 mM NaCl, 25mM EDTANa2 and 
0.5% SDS).  The mixture was incubated in a water bath for 2 hours at 65°C. 7ml phenol 
and 3.5ml chloroform was added to the mixture and mixed thoroughly by vortexing.  The 
phenol chloroform mixture was centrifuged at 12000g for 10 minutes.  The upper 
aqueous layer (1ml) was carefully withdrawn and 0.5ml isopropanol was added and 
centrifuged at 12000g for 30 minutes.  The supernatant was discarded and the pellet was 
washed with 100% ice-cold ethanol and the pellet was air-dried in room temperature. 50 
µl of TE buffer (10mM Tris HCl pH8 and 1mM EDTANa2) was added to the pellet and 
stored at -20°C for future use.   106
6.2.3 Measuring DNA concentration 
 
2µl of DNA solution was added to 2ml of fluorescent dye solution and the DNA 
concentration was measured by flurometer (TKO-100 Hoefer Scientific Instruments) as 
described by the manufacturer.  Fluorescent dye solution was prepared by adding 10µl of 
1mg/ml Hoechst 33258 dye solution to 100 ml TNE buffer (1.21g Tris HCl, 0.37 
EDTANa2, 5.84 g NaCl per litre, pH7.4). 2µl of calf thymus DNA was used as the 
standard. 
 
 
6.3 Molecular methods 
 
 
6.3.1 Selection of PCR primers 
 
Four laccase gene sequences from R. solani RS22 (AG-6) (Wahleithner et al., 1996) were 
aligned by using the Bio Edit software. Primers were designed from the consensus 
sequences of the four laccase genes.  Two forward primers LccF1 (5’-
YYGCCAACAAGGGGGATAC-3’), LccF2 (5’-TTGCCAACAAGGGGGACAC-3’) 
and two reverse primers LccR1 (5’-ATCGACCTTTGCCGTTGATG-3’) and LccR2 (5’-
ATTTGCCTTTGCCGTTGATC-3’) were designed to amplify a 750bp product.  The 
oligonucleotide primers were purchased from Proligo Australia Pty Ltd. 
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6.3.2 Polymerase chain reaction (PCR) 
 
PCR was carried out in 20µl reaction volume which contained 67mM Tris-HCl pH8.8, 
16.6mM (NH4)2SO4, 0.45% Triton X-100, 0.2mg/ml gelatin, 0.2mM dNTPs, 2mM 
MgSO4.7H20, 1pmole of primers and 1.1 units of Tth Plus DNA polymerase (Biotech 
International, Perth, Australia) and 1-5ng of genomic DNA. 
 
The PCR parameters were one cycle of denaturation at 94°C for 2 minutes, 41 cycles of 
96°C for 30 seconds, Ta for 1 minute, 72°C for 1 minute. Ta is 60°C for the first two 
cycles, step down 1°C/2 cycles to 52°C, final 25 cycles are at 52°C.  A negative control 
consisting of all reagents except the DNA was always included in the thermal cycling.  
Products were analysed on 1% agarose gels in TAE buffer (40mM Tris, 1.1% (v/v) acetic 
acid glacial and 1mM EDTANa2 pH 8) with a 1kb DNA ladder (Biotech International, 
Perth, Australia). 
 
 
6.3.3 Extraction of PCR amplicon from agarose  
 
R. solani DNA was amplified with LccF1 and LccR2 or with the combination of LccF1, 
LccF2, LccR1 and LccR2.  The PCR products were electrophoresed on a 1% agarose gel.  
After staining with ethidium bromide, the gel was visualized over UV light and the PCR 
products were quickly excised with a clean scalpel.  DNA was extracted from the gel 
slices by using the QIAquick Gel Extraction Kit (Qiagen) according to the   108
manufacturer’s protocol. 50µl of the eluted DNA was further concentrated by mixing 
with 2µl 5M NaCl, 100µl ice cold ethanol, vortexed and centrifuged at 10000g for 5 
minutes.  Supernatant was discarded and the pellet was dissolved in 10µl of sterile 
distilled water. 
 
 
6.3.4 Cloning of PCR product 
 
The amplicon was cloned into the vector pTOPO using the TOPO TA Cloning
® kit 
(Invitrogen) according to the manufacturer’s protocol.  2µl of the TOPO
® Cloning 
reaction was added to a vial of thawed One Shot
® E. coli and mixed and incubated on ice 
for 15 minutes.  The cells were heat shocked at 42°C for 30 seconds. 250µl of SOC 
medium (2% tryptone, 0.5% yeast extract, 10mM NaCl, 2.5mM KCl, 10mM MgCl2 
10mM MgSO4  and 20mM glucose) was added to the cells and the cells incubated at 
37°C for 1 hour. 10 and 50µl transformation reactions were spread onto LB plates with 
X-Gal (40µl of 40mg/ml per plate) and 50µg/ml ampicillin. 40µl of 100mM IPTG was 
also added to the plates prior to spreading.  The plates were incubated overnight at 37°C.  
White and light blue colonies were picked for analysis. 
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6.3.5 Analysis of cloned PCR product 
 
A sterile pipette tip was used to pick up white and light blue colonies from the plates.  
The pipette tip was immersed in 20µl sterile distilled water and 2µl was used as the 
template for PCR using the same primers used for the PCR of genomic DNA.  Plasmid 
DNA from the clones were extracted by using the Aurum
TM plasmid mini kit (Bio-rad) 
according to the manufaturer’s instructions.  Positive clones containing the insert were 
identified by PCR and products were electrophoresed on a 1% agarose gel. 
 
 
6.3.6 Sequencing of cloned PCR product 
 
Two clones from each isolate were used for sequencing.  The sequencing reaction 
consisted of 4µl big dye terminator, 1µl of 3.2 picomoles of M13 forward and reverse 
primers (supplied with the TOPO cloning kit) and 5 µl of plasmid DNA containing the 
insert.  Thermal cycling consisted of 96°C for 2 minutes (hold), 25cycles of 96°C for 10 
seconds (denaturation), 53°C for 5 seconds (annealing), 60°C for 4 minutes (extension) 
and 14°C (hold).  After thermal cycling post reaction purification was done by adding the 
entire reaction (10µl) to a 0.5ml tube containing 25µl of 100% ethanol, 1µl of 3M sodium 
acetate pH5.2 and 1µl of 125mM EDTA.  The tube was left on ice for 20 minutes, 
centrifuged at 23000g for 30 minutes and the supernatant discarded.  The pellet was 
rinsed by adding 125µl of 80% ethanol and centrifuging at 23000g for 5 minutes at room 
temperature.  The supernatant was discarded and the sample dried in a speedvac vacuum   110
concentrator for 10 minutes.  Sequencing was carried out on an ABI377XL (Perkin 
Elmer) automated sequencer. 
 
 
6.3.7 Analysis of sequences 
 
The sequences were analysed by using the Mac Vector
TM version 6.5.4 software.  Both 
the forward and reverse sequences were aligned and compared.  The generated sequences 
were searched in the NCBI homepage (http://www.ncbi.nlm.nih.gov) using the blastn and 
blastx programme (Altshul et al., 1997).  The sequences of 11034, SCR122 and VR20 
were multiple aligned with the four laccase 1, 2, 3, 4 gene sequences of R. solani from the 
database by using the Bioedit programe.  The deduced amino acids of 11034, SCR122 
and VR20 were aligned with the four R. solani RS22 (AG-6) laccase protein sequences 
and also with other fungal laccase protein sequences by using the Bioedit programme.  
The programme introduces gaps wherever necessary to optimise the alignments.  The 
Bioedit programme was also used to construct a phylogenetic tree (Protidist-Fitch 
phylogenetic tree) with the deduced amino acid sequences of 11034, SCR122 and VR20 
with known laccase sequences of other fungal species.  Putative exon/intron sites were 
generated by using the splice site prediction by neural network programme 
(http://www.fruitfly.org/seq_tools/splice.html). 
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6.4 Results 
 
 
6.4.1 PCR results 
 
An attempt to amplify the laccase genes from R. solani isolates was made by using 
different combinations of primers.  Only the primer pair F1 /R2 gave consistent results 
and was able to amplify the 750bp fragment from the genomic DNA of the three isolates 
(Fig. 6.1).  The same primer pair was used to amplify the cloned PCR product from the 
TOPO vector to confirm that it contained the 750bp fragment (Fig. 6.2). 
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Figure 6.1 Amplification of DNA from different anastomosis groups of R. solani.  
Lane 1-1kb DNA ladder, lane 2- 11034 (AG-8), lane 3- VR20 (AG-11) and lane 4- 
SCR122 (AG-6) and lane 5-negative control. The blue arrow shows the PCR 
product 
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Figure 6.2 Amplification of DNA from different clones.  Lane 1- 1kb DNA ladder, 
lane 2- 11034 (AG-8), lane 3- VR20 (AG-11) and lane 4- SCR122 (AG-6) and lane 5- 
negative control.  The blue arrow shows the PCR product 
 
 
 
 
 
 
 
 
 
       1               2                 3                 4                 5 
3000 
750 
10000   114
6.4.2 Sequence analysis-database search 
 
Two cloned fragments each from SCR122 (AG-6), 11034 (AG-80, VR20 (AG-11) were 
sequenced and alligned (Fig. 6.3).  11034 showed highest similarity to Laccase 3 and 
Laccase 2 of R. solani RS122 AG-6. SCR122 showed the closest similarity to the laccase 
2 sequence in the database from R. solani RS122 AG-6. VR20 showed similarity only to 
laccase 2 from R. solani RS122 AG-6 (Table I.1).  The database search at the protein 
level (Table I.2) revealed that all the isolates showed close similarity to the four laccase 
precursor proteins from R. solani.  
 
 
6.4.2 Sequence analysis-multiple alignment 
 
Multiple alignment of the sequences are shown in Fig. 6.3.  In the isolate 11034 there are 
two predicted putative donor sites (exon/intron) and four predicted putative acceptor sites 
(intron/exon).  In isolate VR20 there were four predicted putative donor sites 
(exon/intron) and two predicted putative acceptor sites (intron/exon) and in SCR122 there 
are were predicted donor sites (exon/intron) and four predicted acceptor sites 
(intron/exon).  The exon/intron boundary have gt and the intron/exon boundary have ag 
(Fig. 6.3).     115
                    790        800        810        820        830        840           
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    GGAGCCAACT CATTGCCTTT GTTTTACTTA GCTCACGGAC CCTAGTATGC GTCGTGCCAC   
laccase3    TAAAATAACT TGTCACCGCT GAT--ACTCG GACAGTGAAT GGGGGGTATC CCGGTCCACT   
laccase2    TGGTGTATAT GCTGGTTGCC TAACGGGAAT GTCAGTCAAT GGTCGCTTCC CTGGTCCATT   
laccase1    TCCAACAATT CAAGGTTTCT GAT--GCTTG GTCAGTAAAT GGAGGGTATC CCGGTCCACT   
SCR122      ---------- ---------- ---------- ---------- ---------- ----------   
11034       ---------- ---------- ---------- ---------- ---------- ----------   
VR20        ---------- ---------- ---------- ---------- -------ATT TGCCTTTGCC   
Clustal Co                                                                      
 
 
                    850        860        870        880        890        900           
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    AACGATTGTA AGTCTATTGT GAGCTCAATA TGATGGTGTG ACTAACTGAA TAACCCTAGC   
laccase3    CATTTTTGCC AACAAGGGGG ACACTCTCAA AGTCAAAGTC CAAAAC--AA GCTCACGAAT   
laccase2    GATCACCGCC AACAAGGGGG ATACACTTAA AATCACCGTG CGGAAT--AA ACTCTCCGAT   
laccase1    CATTTTTGCC AACAAGGGGG ATACTCTCAA AGTCAAGGTC CAAAAC--AA GCTCACGAAT   
 
            5’     3’ 
 
SCR122      -----TCGCC AACAAGGGGG ATACACTTAA AATCACTGTG CGGAAT--AA ACTCTCCGAT   
11034       -----TCGCC AACAAGGGGG ATACTCTCAA GGTCAAAGTT GAAAAC--AA TCTCACGGAT   
VR20        GTTGATCGTG CCCGAGTCAG GAATCCTGAA GAAATgtGAG TCGAGGGGAA GACCAGCAGG   
 
Clustal Co         *                   *   *        *      *    **    *         
 
 
                    910        920        930        940        950        960           
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    ATTGGCATGG ATTGGTATGC TTGCTATTGC CAAATCCCTA TCCAAGACTA ATCCATGCCC   
laccase3    CCCGACATGT ATCGTACCAC TT-CTATAGT GAGTCCATTC CATTCTGCCA GTTCAACCGA   
laccase2    CCAACTATGC GAAGGAGCAC GA-CCATCGT TAGTACTTCC CCTCATCTGT CTTGAAACTT   
laccase1    CCTGAGATGT ATCGCACCAC TT-CCATCGT ATGTTCGTTC GATATCTACT AATACATCCG   
SCR122      CCAACTATGC GAAGGAGCAC GA-CTATCGT TAGTTCTTCT CCTAATCTGA CTTGAAACTT   
11034       CCTTCCATGT ATCGTACCAC TT-CTATTGT agGCTCATTC CATTCTCTCA AATTGATCAA   
VR20        ATTGA-ATGC gtACGTTTTC AAGACATCGT GGGTGGCCAT GATGGCCTCT GACGGAGTAT   
 
Clustal Co        ***           *      ** *                                     
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                    970        980        990        1000       1010       1020          
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    CCTATAGTTC CAAGCTACTA CCGCCGACGA GGATGGCCCC GCATTCGGTA CGCACCGGAT   
laccase3    T-GCTGAAAC TGTTCTATAA GCACTGGCAC GGCCTCCTGC A--------- -GCACAGAAA   
laccase2    T-CTCATCTT TTTTGA---A GCACTGGCAC GGTCTGCTCC A--------- -ACACAGGAC   
laccase1    TCGCTAAATA TCTTGT---A GCATTGGCAC GGTCTCTTAC A--------- -ACATAGAAA   
SCR122      T-CTCATATA TTTTGA---A GCACTGGCAC GGTCTGCTCC A--------- -GCACAGGAC   
11034       T-GCTAAGTC CTTTATCT-A GCACTGGCAC GGCCTCCTGC A--------- -GCATAGAAA   
VR20        GGTACCAATC TGCCAAAGTA AAGATTGTAC GCTCGTCATC G--------- ---ACATCAT   
 
Clustal Co                      *            *        *               *    *    
 
 
                    1030       1040       1050       1060       1070       1080          
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    CACTCGGAGT CGTACCATTA ACTGACTCCA TACTAGTCAC GCAATGCCCT ATTGCGCAAA   
laccase3    TGC-TGATGA CGA------- --TGGCCCTG CATTCGTCAC CCAGGCAAGT -TTCCGGACG   
laccase2    GGC-AGAAGA AGA------- --TGGCCCGG CCTTTGTAAC CCAGGTATGC CTTATCCTAT   
laccase1    CGC-CGACGA CGA------- --CGGTCCTT CGTTCGTCAC TCAGGTAGGA -TTCTGGAAG   
SCR122      GGC-AGAAGA AGA------- --TGGCCCGG CCTTTGTAAC CCAGGTATGT CCTATCACAC   
11034       TGC-CGACGA CGA------- --CGGCCCTG CATGGGTCAC TCAGGTAAG- -TTGTGCATA   
VR20        GGT-AGTTCC TGTA------ --TGGATCTT TagGATCTAT ACGGTGATAG GATCAGCCTC   
 
Clustal Co       *      *            *   *           *   *           *          
 
 
                    1090       1100       1110       1120       1130       1140          
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    ATTTGTCCTA TACATACGAG ATCCCGTTGC ACGG-CCAAA CAGGAACCAT GTGGTACGTT   
laccase3    GATAGTTTGA GCCCCTTGTT GACCAGCGAC TTGG-TGCTA T-AGTGCCCA ATTGTTCCGC   
laccase2    CGCTGCTCTG TCCCCGCGTC CTTCCCTGAC TCGGGCGATT CTAGTGCCCG ATTCCTCCGC   
laccase1    GTTGGCCTGA ACTCTCTGTT AACCGACAAC CCGA-TGTCA CCAGTGCCCG ATTGTTCCAC   
SCR122      TACTGTGTCT GTGCGCCCCC CCCCCCTAAC TCGG-CAGTT CTAGTGCCCG ATTCCCCCGC   
11034       GTTAACGTGG ACT------T GATTGACAAC TCGG-TTACA TCAGTGCCCA ATTGTTCCGC   
VR20        AAACACTACC GGAAGATTCT GTTCTACGTA CCAT-CTAGA TAAAAAATCA TAATCAATAT   
Clustal Co                                                                      
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                    1150       1160       1170       1180       1190       1200          
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    TAATCTTTTC TGGGGTAAAG AAACAGCTGC TAAATCTTCA AAAAAAAAAA ACTGCTAGGT   
laccase3    AGGCTTCGTA CACCTACACT ATGCCTCTGG GCGACC---- --AAACTGGG ACATATTGGT   
laccase2    AAGAATCGTA CACCTATACG ATGCCGCTCG GCGAAC---- --AGACCGGC ACGTATTGGT   
laccase1    GCGAGTCGTA TACTTACACC ATACCTCTGG ACGATC---- --AAACCGGA ACCTATTGGT   
SCR122      AAGAATCGTA CACCTATACG ATGCCGCTCG GCGAAC---- --AGACCGGC ACGTATTGGT   
11034       AAGAGTCGTA TACTTACACC ATGCCTCTGG AAGACC---- --AAACTGGA ACGTACTGGT   
VR20        TAGTCTAAAG TAGTTTGGGC GAAGACTTTA CAAATG---- -ACAAGCGGT CCGCGTAGCC   
Clustal Co       *                       *      *           *       *     *     
 
 
                    1210       1220       1230       1240       1250       1260          
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    ATCACGCCCA TCTTGCGAGT CAATATGTCG ATGGATTGCG AGGCCCTTGT GAGTAATTAA   
laccase3    ACCACAGCCA TTTGAGCTCG CAATACGTCG ACGGCCTCCG AGGACC--AT TGGTCATT--   
laccase2    ACCACAGCCA CTTGAGCTCC CAGTATGTGG ACGGGTTGCG TGGGCC--CA TCGTTATT--   
laccase1    ACCATAGCCA CTTGAGTTCG CAATACGTTG ATGGTCTTCG AGGCCC--GC TGGTAATC--   
SCR122      ACCACAGCCA CTTGAGCTCC CAGTATGTGG ACGGGCTGCG TGGACC--CA TTGTTATT--   
11034       ATCATGCCCA CACCTCGTCC CAATACATTG ACGGCTTGCG CGGTCC--GC TGGTGATC--   
VR20        CGTCAACCTA ATTTAACATG GAAAAATTAG TTTAACT-CG ACTTgtAAGA CAGAAGTTAA   
Clustal Co         * *             *  *  * *       * **              *   *      
 
 
                    1270       1280       1290       1300       1310       1320          
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    TTTGACTGAT CGCCGATCTC GATTGATGAT CCTGATGCGG TCCCTTGTGA TAGTGGTCAT   
laccase3    TGTAAGTATT ATAGCTTCTC TACTAAAATC AATGACACTG ACACAGGTGC CGGTGCACAG   
laccase2    TGTAAGTCTT CATTTAACCT TATTCTTGGC TATG--GCTG ATTGTGACGT CG-TGGTTAG   
laccase1    TGTGAGTATC TTGACTTGTC TACTGAAGGC AACGAGACTA AAACAAGCGT CGATTCACAG   
SCR122      TgtAAGTCTT CATTTGACCT TGTTCTTGGC TATG--GCTG ATTATGACGT CG-TGGTTAG   
11034       TGTagGTG-C TTAGCTCGTC TACTC---GT AATGACGCTG AGACAAGTGT TGTTTTATag   
VR20        ACAAAATTAC GTATTGCGAT GAGAGATGAC TGTGGTACCA ATACGTTCCA GTCTGTTCGC   
Clustal Co        *                             *   *                 *         
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                    1330       1340       1350       1360       1370       1380          
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    CT-ATGGTGC GC--TCGATT TCATCGTGGG GGGTGGATTA TATCCACGAT CGCTAACCAC   
laccase3    ---ATGGTTT G---TTGCTC GGATACTTAG A-CTAGGTCT CCGTTCCTCA CTTTATTTAT   
laccase2    ---ATGGTTC G---TGGCTT C--CACAAGA AGTCAGCAGC CCTTGAAGCT AACTTT--AT   
laccase1    ---ATGGTTC G---TCTCCC CTTTATTTAG CTCTGGATCT TCATTTCTCA CGTAATACAT   
SCR122      ---ATGGTTC G---TGGTTT C--TACAAGA AgtCAGTAGT GTTTGAAGCT AACTAT--AT   
11034       ---ATGgtTC G---TCCCCC ---TATTCAA GCTTGGACCA CTCCTTACCT AACTGT-TAT   
VR20        CCAGTGGCAT GTTGTAGGTG TAAGATTCTT GCGGGGGAAT CGGGCACTAG AACCATCAAA   
 
Clustal Co      ***    *   *                      *                        *    
 
 
                    1390       1400       1410       1420       1430       1440          
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    GAAAAAACAC AGATCCAAAC GACCCACACA AGTCGCGCTA CGACGTGGAT GATGCGAGCA   
laccase3    GA-------T AGATCCCAAG GATCCTCACA GGCGTTTGTA TGACATTGAC GACGAGAAGA   
laccase2    TC-------C AGACCCCCAC GACCCGTACA GAAACTACTA TGATGTCGAC GACGAGCGTA   
laccase1    GA-------T AGATCCCAAG GATCCTCACA GGCGTTTGTA TGATGTTGAC GATGAGAAGA   
SCR122      TT-------T AGATCCCAAC GACCCGTACA GAAACTACTA TGACGTCGAC GACGAGCGTA   
11034       AA-------T AGATTCGAAA GATCCTCATA GGCAGCTGTA CGATGTCGAC GACGAGAAGA   
VR20        GTTAGGGAAC GATGCTGATA GgtTAGTGTT AGACATACCT GAGTAACAAA GGCAGGACCG   
 
Clustal Co                        *                             *  *    *       
 
 
                    1450       1460       1470       1480       1490       1500          
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    CAGTAGTCAT GCTTGAGGAC TGGTAAGACG CCTCTTTTGG TCCGTGCGAA CCAAGGGAGC   
laccase3    CCGTACTGAT CATTGGTGAC TGGTATCATA CATCGTCCAA GGCAATTCTG GCTACTGGCA   
laccase2    CGGTCTTTAC TTTAGCAGAC TGGTACCACA CGCCGTCGGA GGCTATCATT GCCACCCACG   
laccase1    CCGTCCTGAT CATCGGTGAC TGGTATCATG AATCGTCCAA GGCAATCCTT GCTTCTGGTA   
SCR122      CGGTCTTTAC TTTGGCagAC TGGTACCACA CGCCGTCGGA GGCTATCATT GCCACCCACG   
11034       CCGTACTGAT CATCGGCGAT TGGTATCATG ATTCGTCCAA GGACATCCTT GCCTCCCGTA   
VR20        TCCTCTTCAG CCGTGCGG-- TGTTGGAATA GACCGTGCCA GTGCTTTAAA AATATCAGAG   
Clustal Co     *  * *      *  *   ** *   *      * *                             
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                    1510       1520       1530       1540       1550       1560          
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    TAACCGAGCG GATTCACTAG GTACCATACT CCGGCACCCG TTCTAGAAAA GCAAATGTTC   
laccase3    ACATCACCCT GCAGTAAGTT ATACTCGCAA GCCTTGCAGG GTTTCTTGGA TTAATTTTTT   
laccase2    ATGTCTTGAA AACGTACGCG TTA---ATCC TTCTAGCTTT CTTTCCTTGG GTCACTTTCT   
laccase1    ACATTACCCG ACAGTAAGTG ATACATGCCG GTCCCAGAAA AATTCTCTAA ATTCATTTTA   
SCR122      ATGTCTTGAA AACgtACGCA TCA---ATCC TTCTAG-TTT CTTTCCTTGA CTCACTTTCT   
11034       ACATCACTAG GCAGTAAGCC ATGCGCACTC TCGTCGGTTC CGCTCACTGA CTCCATTT--   
VR20        TGgtACGAGA CGCGTAGGGG AAAGGACACA CGATAGTTGT ACTTCGTCGC ATAGTTAGAT   
 
Clustal Co                  *                              *            *       
 
 
                    1570       1580       1590       1600       1610       1620          
            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
laccase4    TCGACTAATA ACACCGCTCT GCTCTCTCCG TGAGTCGATA TGAA--AAAT TCCATCTTTG   
laccase3    TTGTTAGACA ACCGGATTCT GCCACCATCA ACGGCAAAGG TCGATTTGAC CCCGACAACA   
laccase2    AT-CAGGATC CCC-GACTCG GGTACGATCA ACGGCAAAGG CAAATACGAT CCTGCTTCGG   
laccase1    ATTACAGGCG ACCGGTCTCT GCCACCATCA ACGGCAAAGG TCGATTTGAC CCTGACAACA   
 
 
                                       3’                     5’               
SCR122      TT-CagGATC CCCCGACTCG GgtACGATCA ACGGCAAAGG CAAAT----- ----------   
11034       ---GTAGGCG ACCGGACTCT GCTACGATCA ACGGCAAAGG CAAAT----- ----------   
VR20        CAGAAAGCTT GTTCCGCACA GTGATCTTGA GTGTATCCCC CTTGTTGGCG A---------   
Clustal Co                     *  *                                             
 
 
Figure 6.3 Multiple sequence alignment of the sequences of the R. solani isolates 
11034, VR20 and SCR122 with the four laccase genes sequences.  The coloured 
letters on the laccase sequence shows the positions of the exons.  The position of the 
exon/intron (at) and intron/exon boundary (ag) were denoted in lower case  bold 
letters in the aligned sequence.  The black arrows denote the position of the forward 
and reverse primers.  The asterix (*) denotes the consensus sequences   120
6.4.3 Sequence analysis-multiple alignment of the deduced amino acid 
sequences 
 
The alignment of the deduced amino acid sequences of SCR122, 11034 and VR20 are 
shown in Fig. 6.4 and in Fig. 6.5.  Properties of the deduced polypeptides of SCR122, 
11034 and VR20 are shown in Table 6.3.  The deduced polypeptides of 11034, SCR122 
and VR20 showed conserved regions of N-linked glycosylation sites, cysteine residues, 
arginine residues with other fungal laccase proteins (Fig. 6.5).  SCR122 showed a 
conserved copper binding site (HWH) with all the fungal laccase proteins.  Conserved 
histidine, cysteine and argine residues in the deduced polypeptides showed that they are 
indeed laccasees. 
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Table 6.3 Properties of the deduced polypeptides of the R. solani isolates SCR122, 
11034 and VR20. 
 
 
Protein 
 
 
 
Length of 
Amino Acids 
 
 
Deduced 
Molecular weight 
(Daltons) 
 
Calculated 
Molecular 
weight (kDa)
1 
 
 
Predicted N-
glycosylation 
sites 
 
 
SCR122
1 
 
11034
1 
 
VR20
1 
 
 
 
 
Laccase 1 
2 
 
Laccase 2
2 
 
Laccase 3
2 
 
Laccase 4
2 
697 
 
690 
 
753 
 
 
 
 
576 
 
599 
 
572 
 
529 
 
59061.63  
 
58295.70 
 
61444.05 
 
Calculated 
Molecular weight 
(kDa)
2 
 
50-80 
 
 
 
 
66 
 
 
 
 
 
66 
3
 
 
5
 
 
8
 
 
 
 
 
5
 
 
4
 
 
3
 
 
7
 
 
 
1 This study 
2Wahleithner et al., (1996)   122
 
                     10        20        30        40        50        60            
            ....|....|....|....|....|....|....|....|....|....|....|....| 
Laccase 4   MLSSITLLPLLAAVSTPAFAAVRNYKFDIKNVNVAPDGFQRPIVSVNGLVPGTLITANKG  
              Signal Sequence 
Laccase 3   -MARTTFLVSVSLFVSAVLARTVEYNLKISNGKIAPDGVERDAT-VNGGYPGPLIFANKG  
              Signal Sequence 
Laccase 2   -MARSTTSLFALSLVASAFARVVDYGFDVANGAVAPDGVTRNAVLVNGRFPGPLITANKG  
              Signal Sequence 
Laccase 1   -MARTTFLVSVSLFVSAVLARTVEYGLKISDGEIAPDGVKRnaTLVNGGYPGPLIFANKG  
              Signal Sequence 
 
SCR122      -------------------SPTRGIHLKSLCGINSP--IQLCEGAR-LSLVLLLILETFS  
 
11034       -------------------SPTRGILSRSKLKTISR--ILPCIV--------PLLLA---  
                                                     ● 
VR20        ------------------------ICLCRSCPSQES----RNVS------RGEDQQD---  
 
Clustal Co                                                                
 
 
                     70        80        90       100       110       120         
            ....|....|....|....|....|....|....|....|....|....|....|....| 
Laccase 4   DTLRInvtNQLTDPSMRRATTIHWHGLFQATTADEDGPAFVTQ-CPIAQnLsYTYEIPLH  
 
Laccase 3   DTLKVKVQNKLTNPDMYRTTSIHWHGLLQHRNADDDGPAFVTQ-CPIVPQASYTYTMPLG  
 
Laccase 2   DTLKITVRNKLSDPTMRRSTTIHWHGLLQHRTAEEDGPAFVTQ-CPIPPQESYTYTMPLG  
 
Laccase 1   DTLKVKVQNKLTNPEMYRTTSIHWHGLLQHRNADDDGPSFVTQ-CPIVPRESYTYTIPLD  
 
SCR122      YILK------------------HWHGLLQHRTAEEDGPAFVTQVCPIT---LLCLCAP— 
                                
                                             ●                               
11034       -------------          -HSILSNSMLSPLS-STGTASCSIE--------MP— 
                                     
VR20        --MR---------------------TFSRHRGWPWPLTEYGTN-LPKR-----LYARH— 
 
Clustal Co                                           *                    
 
 
                   130       140       150       160       170       180      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
Laccase 4   GQTGTMWYHAHLASQYVDGLRGPLVIYDPNDPHKSRYDVDDASTVVMLEDWYHTPAPVLE  
 
Laccase 3   DQTGTYWYHSHLSSQYVDGLRGPLVIYDPKDPHRRLYDIDDEKTVLIIGDWYHTSS----  
 
Laccase 2   EQTGTYWYHSHLSSQYVDGLRGPIVIYDPHDPYRNYYDVDDERTVFTLADWYHTPS----  
 
Laccase 1   DQTGTYWYHSHLSSQYVDGLRGPLVIYDPKDPHRRLYDVDDEKTVLIIGDWYHESS----  
                               ●                      ● 
SCR122      PPLGS------SSARFPRKNRTPIRCRSANRPAR--------------------IG----  
 
11034       TTTAL-----HGSLRVVHSRGLDQLGYISAQLFR--------------------KS----  
 
VR20        RHHGS-----SCMDLDLYGDRISLKHYRKILFYV--------------------PS----  
 
Clustal Co                                                                
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                    190       200       210       220       230       240      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
Laccase 4   KQMFSTnnTALLSPVPDSGLINGKGRYVGGPAVPR-------SVINVKRGKRYRLRVIna  
 
Laccase 3   KAILATGnitLQQPD--SATINGKGRFDPDNTPAN---PNTLYTLKVKRGKRYRLRVIns  
 
Laccase 2   EAIIATHDVLKTIPD--SGTINGKGKYDPASANTnnttLENLYTLKVKRGKRYRLRIIna  
 
Laccase 1   KAILASGnitRQRPV--SATINGKGRFDPDNTPAN---PDTLYTLKVKRGKRYRLRVIns  
 
SCR122      ----TT---A-TAPS------MWTGCVDP-------------------------------  
 
11034       ----RI---L--TPC------LWKTKLER-------------------------------  
                                 ● 
VR20        ----RK------III------NISLKFGR-------------------------------  
 
Clustal Co                                                                
 
 
                    250       260       270       280       290       300      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
Laccase 4   sAIGSFTFSIEGHRLTVIEADGIPHQPLPVDSFQIYAGQRYSVIVEAnqtAANYWIRAPM  
 
Laccase 3   sAIASFRMSIQGHKMTVIAADGVSTKPYQVDSFDILAGQRIDAVVEANQEPDTYWINAPL  
 
Laccase 2   sAIASFRFGVQGHKCTIIEADGVLTKPIEVDAFDILAGQRYSCILKADQDPDSYWINAPI  
 
Laccase 1   sEIASFRFSVEGHKVTVIAADGVSTKPYQVDAFDILAGQRIDCVVEANQEPDTYWINAPL  
 
SCR122      ------LLFVSLHLTLFLAMA----------DYDVVV--RWFVVSTRSQC-LKLTIFIPT  
                           ●        
11034       ------TGIMPTPRPNTLTAC----------AVRWSVG---ALVYSRDKC-CFIDGSSPY  
                               ●                                  ●  ●                             ● 
VR20        ------RLYKQAVRVARQPNL----------TWKNFNS---TCKTEVKQN---Y-VLREM  
 
Clustal Co                                                  .             
 
 
                    310       320       330       340       350       360      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
Laccase 4   T-VAGAGTNANLDPTNVFAVLHYEGAPN--------------------------------  
 
Laccase 3   TNVANKTAQALLIYEDDRRPYHPPKGPYRKWSVSEAIIKYW--KHKHGRGLLSGHGG-LK  
 
Laccase 2   TNVLNTNVQALLVYEDDKRPTHYPWKPFLTWKISNEIIQYW--QHKHGSHGHKGKGHHHK  
 
Laccase 1   TNVPnkTAQALLVYEEDRRPYHPPKGPYRKWSVSEAIIKYWNHKHKHGRGLLSGHGG-LK  
 
SCR122      T-----RTETTMTSTTSVRSLLWQTG----------------------------------  
                           ●    ● 
11034       S-------SLDHSLPNCYNRFERSSA----------------------------------  
 
VR20        T--------VVPIRSSLFAQWHVVGVR---------------------------------  
 
Clustal Co  .                                                             
 
 
 
 
 
   124
 
 
                    370       380       390       400       410       420      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
Laccase 4   ------------------------------------AEPTTEQGS-AIGTALVEENLHAL  
 
Laccase 3   ARMMEGSLHLHGRR-----------------------DIVKRQne-tTTVVMDETKLVPL  
 
Laccase 2   VRAIGGVSGLSSRVKSRASDLSKKAVELAAALVAGEAELDKRQNEDnsTIVLDETKLIAL  
 
Laccase 1   ARMIEGSHHLHSR------------------------SVVKRQne-tTTVVMDESKLVPL  
 
SCR122      ---------------------------------------TTRRRR---------------  
 
11034       -------------------------------------AVRCRRRE---------------  
                                                       ● 
VR20        ---------------------------------------FLRGNR---------------  
 
Clustal Co                                                                
 
 
                    430       440       450       460       470       480      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
Laccase 4   INPGAPGGSAPADVSLNLAIGRSTVDGILRFTFNNIKYEAPSLPTLLKILAN-nasNDAD  
 
Laccase 3   EHPGAACGSKPADLVIDLTFGVNFTTG--HWMINGIPHKSPDMPTLLKILTDTDGVTESD  
 
Laccase 2   VQPGAPGGSRPADVVVPLDFGLNFANG--LWTINnvsYSPPDVPTLLKILTDKDKVDASD  
 
Laccase 1   EYPGAACGSKPADLVLDLTFGLNFATG--HWMINGIPYESPKIPTLLKILTDEDGVTESD  
 
SCR122      -----------------------LSLP----------------PTMSKRTHQ-----SF-  
 
11034       ------------D------------------------------RTDHRRLVS--------  
                                                            ● 
VR20        ------------------------ALE----------------PSKLGNDAD-------R  
 
Clustal Co                                              .                 
 
 
                    490       500       510       520       530       540      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
Laccase 4   FTPNEHTIVLPHNKVIELn----itGGADHPIHLHGHVFDIVKSLGGTPNYVNPPRRDVV  
 
Laccase 3   FTQPEHTIILPKNKCVEFNIKGNSGLGIVHPIHLHGHTFDVVQFGNNPPNYVNPPRRDVV  
 
Laccase 2   FTADEHTYILPKNQVVELHIKG-QALGIVHPLHLHGHAFDVVQFGDNAPNYVNPPRRDVV  
 
Laccase 1   FTKEEHTVILPKNKCIEFNIKGNSGIPITHPVHLHGHTWDVVQFGNNPPNYVNPPRRDVV  
 
SCR122      FLSLTH-------------------------------------FLSGSP-----------  
 
11034       FVQGHP--CLP------------------HHAVSHAHSR---RFRSLTP-----------  
 
VR20        LVLDIP------------------------------EQR---QDRPLQP-----------  
 
Clustal Co                                                  *             
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                    550       560       570       580       590       600      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
Laccase 4   RVGGTGVVLRFKADNPGPWFVHCHIDCTWRLGSHLSLPRPPARFARVSSRSSPTMPGTSS  
 
Laccase 3   GATDEGVRFQFKTDNPGPWFLHCHIDWHLEEGFAMVFAEAPEAIKGGP-KSVPVDRQWKD  
 
Laccase 2   GVTDAGVRIQFRTDNPGPWFLHCHIDWHLEEGFAMVFAEAPEDIKKGS-QSVKPDGQWKK  
 
Laccase 1   GSTDAGVRIQFKTDNPGPWFLHCHIDWHLEEGFAMVFAEAPEAVKGGP-KSVAVDSQWEG  
                          ● 
SCR122      ---DSG------TIN-G-------------KGKX--------------------------  
                                              ● 
11034       ---FVGDR----TLLRS-------------TAKAN-------------------------  
 
VR20        --CGVGID-RASALKISEWYETR-------RGKDTRLY------------FVALD---QK  
 
Clustal Co       *      .                                                 
 
 
                    610       
            ....|....|....|. 
Laccase 4   APSTRLFLPICSKW--  
 
Laccase 3   LCRKYGSLPAGFL---  
 
Laccase 2   LCEKYEKLPEALQ---  
 
Laccase 1   LCGKYDNWLKSNPGQL  
 
SCR122      ----------------  
 
11034       ----------------  
 
VR20        ACSAQSVYPPCWR---  
 
Clustal Co                    
 
 
Figure 6.4 Multiple sequence alignment of the deduced amino acid sequences of the 
R. solani isolates 11034, VR20 and SCR122 with the four laccase protein sequences 
of Rhizoctonia solani AG-6 isolate RS22.  The signal peptide sequence of the four 
laccase proteins are shown in closed boxes.  N-linked glycosylation sites of the four 
laccase proteins (Wahleithner et al., 1996) are shown in bold lowercase red italics. 
Potential N-linked glycosylation sites are indicated by (●).  Putative copper binding 
sites are indicated by a red underline.  (Gaps are introduced automatically by the 
Bio-edit programme).  The asterix (*) denotes the consensus sequences   126
                     70        80        90       100       110       120         
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      ------------------------------------------------------------  
11034       --------------------------------------------SP----TRGILSRS--  
VR20        ------------------------------------------------------------  
RS4         ----------------------------------------MLSSITLLPLLAAVSTPAF-  
RS3         -----------------------------------------MARTTFLVSVSLFVSAVL-  
RS2         -----------------------------------------MARSTTSLFALSLVASAF-  
RS1         -----------------------------------------MARTTFLVSVSLFVSAVL-  
NC          -----------------------------------------MKFLGIAALVAGLLAPSLV  
BC1         -------------------------------------------------GTTMHWHG---  
TV2         -----------------------------------------MGRFSSLCALTAVIHSFG-  
TH1         -----------------------------------------MSFSSLRRALVFLGACS--  
PA          ---------------------------------------MMKSFFSAAALLLGLVAPSAV  
 
Clustal Co                                                                
 
 
                    130       140       150       160       170       180      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      -------------------------------------------------------SPTRG  
11034       -----------------------------------------------------KLKTISR  
VR20        ------------------------------------------------------ICLCRS  
RS4         -----------------------------------------------------AAVRNYK  
RS3         -----------------------------------------------------ARTVEYN  
RS2         -----------------------------------------------------ARVVDYG  
RS1         -----------------------------------------------------ARTVEYG  
NC          LGAP----APGTEGVNLLTPVDKRQDSQAERYGGGGGGGCNSPTNRQCWSPGFNINTDYE  
BC1         ------------------------------------------------------IRQLNN  
TV2         RVSA-------------------------------------------------AIGPVTD  
TH1         -------------------------------------------------SALASIGPVTE  
PA          LAAPSLPGVPREVTRDLLRPVEERQSS------------CHTAANRACWAPGFDINTDYE  
 
Clustal Co                                                                
 
 
                    190       200       210       220       230       240      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      IH-------------------LKSLCG---------IN-------------SPIQLCEG-  
11034       IL----------------------PC------------------------IVPLLLA---  
VR20        CP---------------------SQES----R-----N------------------VS--  
RS4         FDIKN---------------VNVAPDG--FQRPIVSVN-----------GLVPGTLITA-  
RS3         LKISN---------------GKIAPDG--VERDATLVN-----------GGYPGPLIFA-  
RS2         FDVAN---------------GAVAPDG--VTRNAVLVN-----------GRFPGPLITA-  
RS1         LKISD---------------GEIAPDG--VKRNATLVN-----------GGYPGPLIFA-  
NC          LGTPNTGKTRRYKLTLTETDNWIGPDG-VIKDKVMMVN-----------DKIIGPTIQA-  
BC1         AQY----------------------DG------------------------VPG------  
TV2         LTISN---------------GDVSPDG--FTRAAVLAN-----------GVFPGPLITG-  
TH1         LDIVN---------------KVIAPDG--VARDTVLAG-----------GTFPGPLITG-  
PA          VSTPNTGVTRTYTLTLTEVDNWLGPDG-VVKQKVMLVN-----------GDIFGPTITA-  
 
Clustal Co                                                                
 
 
                    250       260       270       280       290       300      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      -----------------ARLSLVLLLILET-------------FSY-ILKHWHGLLQHRT  
11034       ----------------------------------------------------HSILSNSM  
VR20        ------------------RGE-------D---------------------------QQ--  
RS4         -----------------NKGDTLRINVTNQLTDPS--------MRRATTIHWHGLFQATT  
RS3         -----------------NKGDTLKVKVQNKLTNPD--------MYRTTSIHWHGLLQHRN  
RS2         -----------------NKGDTLKITVRNKLSDPT--------MRRSTTIHWHGLLQHRT  
RS1         -----------------NKGDTLKVKVQNKLTNPE--------MYRTTSIHWHGLLQHRN  
NC          -----------------DWGDYIEITVINKL------------KSNGTSIHWHGMHQRNS  
BC1         -----------------KKG--------------------------SYSIPYHKLTLS--  
TV2         -----------------NKGDNFQINVIDNLSNET--------MLKSTSIHWHGFFQKGT  
TH1         -----------------KKGDNFRINVVDKLVNQT--------MLTSTTIHWHGMFQHTT  
PA          -----------------NWGDWIQVNVINNL------------RTNGTSIHWHGLHQKGT  
 
Clustal Co                                                                  127
                    310       320       330       340       350       360      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      AEEDGP--AFVTQVCPITL-------------------------LCLCAP----------  
11034       LSPLSS--TGTAS-CSIEM-----------------------------------------  
VR20        ---D-------MR---------TFSR------HRG--W----------------------  
RS4         ADEDGP--AFVTQ-CPIAQ-NLSYTYEIPLHGQTGTMWYHAHLASQYVDG-------LRG  
RS3         ADDDGP--AFVTQ-CPIVP-QASYTYTMPLGDQTGTYWYHSHLSSQYVDG-------LRG  
RS2         AEEDGP--AFVTQ-CPIPP-QESYTYTMPLGEQTGTYWYHSHLSSQYVDG-------LRG  
RS1         ADDDGP--SFVTQ-CPIVP-RESYTYTIPLDDQTGTYWYHSHLSSQYVDG-------LRG  
NC          NIQDGV--NGVTE-CPIPPRGGSKVYRWRA-TQYGTSWYHSHFSAQYGNG-------IVG  
BC1         --------TGITQ-CPIAP-GGTLTYKFHA-DNYGSSWYHSHFILQYGDG-------LFG   
TV2         NWADGA--AFVNQ-CPIAT-GNSFLYDFTATDQAGTFWYHSHLSTQYCDG-------LRG  
TH1         NWADGP--AFVTQ-CPITT-GDDFLYNFRVPDQTGTYWYHSHLALQYCDG-------LRG  
PA          NMHDGA--NGVTE-CPIPPKGGSRIYRFRA-QQYGTSWYHSHFSAQYGNG-------VVG  
 
Clustal Co                                                                
 
 
                    370       380       390       400       410       420      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      P------------P----------------------------------------------  
11034       -------------PT---------------------------------------------  
VR20        -------------P---------------------W---------------------P--  
RS4         P-------LVIYDPNDPHKSRYDVDDASTVVMLEDWYHTPAPVLEKQMFSTNNTALLSPV  
RS3         P-------LVIYDPKDPHRRLYDIDDEKTVLIIGDWYHTSS----KAILATG--NITLQQ  
RS2         P-------IVIYDPHDPYRNYYDVDDERTVFTLADWYHTPS----EAIIATH--DVLKTI  
RS1         P-------LVIYDPKDPHRRLYDVDDEKTVLIIGDWYHESS----KAILASG--NITRQR  
NC          P-------IVINGPAS---ANYDVDLG--PFPLTDYYYDTADR---LVLLTQ--HAGPPP  
BC1         P-------LVINGPAT---ANYDVDLG--MLFLNDWNHVPVQS-----LWDKAKTGAPPT  
TV2         P-------MVVYDPSDPHADLYDVDDETTIITLSDWYHTAAS--------LG--AAFPIG  
TH1         P-------LVIYDPHDPQAYLYDVDDESTVITLADWYHTPAP-------------LLPPA  
PA          T-------IVVNGPAS---VPYDIDLG--VFPITDYYHKPADV---LVEETM--NGGPPP  
 
Clustal Co               *                                                
 
 
                    430       440       450       460       470       480      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      ----------L-GSS--------------------------------------SARFPRK  
11034       -------TTALHGS--------------------------------------LRVVHSRG  
VR20        ----------LTEYG---------------------------------------TNLPKR  
RS4         PD-----SGLINGKG--------------------RYVGGPAVPR-------SVINVKRG  
RS3         PD-----SATINGKG--------------------RFDPDNTPAN---PNTLYTLKVKRG  
RS2         PD-----SGTINGKG--------------------KYDPASANTNNTTLENLYTLKVKRG  
RS1         PV-----SATINGKG--------------------RFDPDNTPAN---PDTLYTLKVKRG  
NC          SN-----NVLFNGFA--------------------KHPTTGAGQY-------ATVSLTKG  
BC1         LL-----TGLMNGT----------------------NTYNGAGKK-------FQTTFTPG  
TV2         SD-----STLINGLG--------------------RFAG--GDST-----DLAVITVEQG  
TH1         AT-------LINGLG--------------------RWPG--NPTA-----DLAVIEVQHG  
PA          SD-----TVLFKGHG--------------------KNPQTGAGKF-------ANVTLTPG  
 
Clustal Co                                                                
 
 
                    490       500       510       520       530       540      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      NR--------------------------------TPIRCRSANRPARIGTTATAPSMWTG  
11034       LD---------------------------------QLGYISAQLFR--KSRILTPCLWKT  
VR20        LY--------------------------------ARHRHHGSSCMD---LDLYG------  
RS4         KR--------------------------------YRLRVINASAIGSFTFSIEGHRLTVI  
RS3         KR--------------------------------YRLRVINSSAIASFRMSIQGHKMTVI  
RS2         KR--------------------------------YRLRIINASAIASFRFGVQGHKCTII  
RS1         KR--------------------------------YRLRVINSSEIASFRFSVEGHKVTVI  
NC          KK--------------------------------HRLRLINTSVENHFQLSLVNHSMTII  
BC1         LK--------------------------------YRIRVVNTAVDGHFQFSIDGHSFQVI  
TV2         KR--------------------------------YRMRLLSLSCDPNYVFSIDGHNMTII  
TH1         KR--------------------------------YRFRLVSTSCDPNYNFTIDGHTMTII  
PA          KR--------------------------------HRLRIINTSTHDHFQLKLQNHTMTII  
 
Clustal Co                                                                
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                    550       560       570       580       590       600      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      CVD-----PLLFVSLHLT-----LFLAMADYDV-VVRWFVVSTR----------------  
11034       KLERTGIMPTPRPNTLTACAVRWSVGALVYSRD-KCCFIDGSSP----------------  
VR20        --DRISLKHYRKILFYVPS--R-KIIINISLKF-GRRLYKQAVR----------------  
RS4         EADGIPHQPLPVDSFQIYAGQRYSVIVEANQTA-ANYWIRAPMTVAGAG-TNANL-DPTN  
RS3         AADGVSTKPYQVDSFDILAGQRIDAVVEANQEP-DTYWINAPLTNVANK-TAQAL-LIYE  
RS2         EADGVLTKPIEVDAFDILAGQRYSCILKADQDP-DSYWINAPITNVLNT-NVQAL-LVYE  
RS1         AADGVSTKPYQVDAFDILAGQRIDCVVEANQEP-DTYWINAPLTNVPNK-TAQAL-LVYE  
NC          SADLVPVQPYKVDSLFLGVGQRYDVIIDANQAV-GNYWFNVTFGGSKLC-GDSDNHYPAA  
BC1         AMDFVPIVPYNATSILVSIAQRYDIIVTANAAV-GNYWIRAGWQ-TACS-GNTNAANITG  
TV2         EADAVNHEPLTVDSIQIYAGQRYSFVLTADQDI-DNYFIRALPS-AGTT-SFDGG-INSA  
TH1         EADGQNTQPHQVDGLQIFAAQRYSFVLNANQAV-NNYWIRANPNRANTT-GFANG-INSA  
PA          AADMVPVQAQTVDSLFLAVGQRYDVTIDANKSV-GNYWFNATFGGGLAC-GASLNPHPAA  
 
Clustal Co                                                                
 
 
                    610       620       630       640       650       660      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      ------------------------------------------------------------  
11034       ------------------------------YSSLDHSLP---------------------  
VR20        VAR----------------------------------QP---------------------  
RS4         ------------------------VFAVLHYEGAPNAEPTTE------------------  
RS3         DDRRPYHPP---------------KGPYRKWSVSEAIIKYW--KHKHGRGLLSGHGG-LK  
RS2         DDKRPTHYP---------------WKPFLTWKISNEIIQYW--QHKHGSHGHKGKGHHHK  
RS1         EDRRPYHPP---------------KGPYRKWSVSEAIIKYWNHKHKHGRGLLSGHGG-LK  
NC          IFRYQG------------------------APKALPTNQG--------------------  
BC1         ILRYTGS-----------------------SSTADPTTTS--------------------  
TV2         ILR---------------------------YSGASEVDP---------------------  
TH1         ILR---------------------------YKGAPIKEP---------------------  
PA          VFRYQG------------------------APNTLPTNIG--------------------  
 
Clustal Co                                                                
 
 
                    670       680       690       700       710       720      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      ------------------------------------------------SQCLKLTIFIP-  
11034       -------------------------------------------------NCYNRFERS--  
VR20        --------------------------------------------------NLTWKNFNST  
RS4         ------------------------------------------QGS-AIGTALVEENLHAL  
RS3         ARMMEGSLHLHGRR-----------------------DIVKRQNE-TTTVVMDETKLVPL  
RS2         VRAIGGVSGLSSRVKSRASDLSKKAVELAAALVAGEAELDKRQNEDNSTIVLDETKLIPL  
RS1         ARMIEGSHHLHSR------------------------SVVKRQNE-TTTVVMDESKLVPL  
NC          -------------------------------------------VAPVDHQCLDLNDLKPV  
BC1         -------------------------------------------TVTASTSCLDEPLAS--  
TV2         -----------------------------------------TTTETTSVLPLDEANLVPL  
TH1         -----------------------------------------TTNQTTIRNFLWETDLHPL  
PA          -------------------------------------------TPAADANCMDLNNLTPV  
 
Clustal Co                                                                
 
 
                    730       740       750       760       770       780      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      --------TTRTETTMTSTTSVRSLL----------------------WQTGTTRRRR--  
11034       ---------SAAVRCRRREDRTDHRRLVS--------------------FVQGHPCLP--  
VR20        --------CKTEVKQNYVLREMTVVPIRSSLFAQ--------------WHVVGVRFLR-G  
RS4         --------INPGAPGGSAPADVSLNLAIGRSTVD---------GI-LRFTFNNIKYEA-P  
RS3         --------EHPGAACGSKPADLVIDLTFGVNFTT---------G---HWMINGIPHKS-P  
RS2         --------VQPGAPGGSRPADVVVPLDFGLNFAN---------G---LWTINNVSYSP-P  
RS1         --------EYPGAACGSKPADLVLDLTFGLNFAT---------G---HWMINGIPYES-P  
NC          --------LQRSLNTNSIALNTGNTIPITLDG--------------FVWRVNGTAININW  
BC1         --------LVPFVPINPIASSIMKTTLTTGGG---------------QWLFNGSSLLLNW  
TV2         --------DSPAAPGDPNIGGVDYALNLDFNFDG---------T---NFFINDVSFVS-P  
TH1         --------TDPRAPGLPFKGGVDHALNLNLTFNG---------S---EFFINDAPFVP-P  
PA          --------VSRSVPTSGFTPRPNNTLPVSLTLGG---------TPLFVWKVNGSSINVDW  
 
Clustal Co                                                                
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                    790       800       810       820       830       840      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      -----------------------------------------------LSLP---------  
11034       ------------------------------------------------------------  
VR20        NR-ALEPSKLG----NDADRL-------------------------VLDIPEQR--QDR-  
RS4         SLPTLLKILAN-NASNDADFTPNE---------------------HTIVLPHNKVIELNI  
RS3         DMPTLLKILTDTDGVTESDFTQPE---------------------HTIILPKNKCVEFNI  
RS2         DVPTLLKILTDKDKVDASDFTADE---------------------HTYILPKNQVVELHI  
RS1         KIPTLLKILTDEDGVTESDFTKEE---------------------HTVILPKNKCIEFNI  
NC          NKPVLEYVLTGNTNYSQSDNIVQV---------------------EGVNQWKYWLIEND-  
BC1         TDPTLLTVLNSGNIWPTEYNVIPI--------------------ESTTAKKGWAVLAISG  
TV2         TVPVLLQILSG--TTSAADLLPSG---------------------SLFAVPSNSTIEISF  
TH1         TVPVLLQILNG--TLDANDLLPPG---------------------SVYNLPPDSTIELSI  
PA          DKPIVDYVIAQNTSYPPQANVITV---------------------NSVNQWTYWLIEND-  
 
Clustal Co                                                                
 
 
                    850       860       870       880       890       900      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      ---------------------------PTMSK-RTHQSFFLSLTHFLS------------  
11034       ----------------------------HHAVSHAHSRRFRSLTPFVG------------  
VR20        ---------------------------PLQPC--GVGIDRASALKISE------------  
RS4         TG------------------------GADHPI-HLHGHVFDIVKSLGG------------  
RS3         KGNSGL-------------------GIV-HPI-HLHGHTFDVVQFGNN------------  
RS2         KG-QAL-------------------GIV-HPL-HLHGHAFDVVQFGDN------------  
RS1         KGNSGI-------------------PIT-HPV-HLHGHTWDVVQFGNN------------  
NC          -PDG-------------------AFSLP-HPI-HLHGHDFLILGRSPD------------  
BC1         PNGXAFYHYPPILLISN--HTDNLFSSPNHPI-HLHGHDFWTLSQGTG------------  
TV2         PITATN-----------------APGAP-HPF-HLHGHTFSIVRTAGS------------  
TH1         PGGVTG---------------------GPHPF-HLHGHAFSVVRSAGS------------  
PA          -PTG-------------------PFSIP-HPM-HLHGHDFLVVGRSPDQ-----------  
 
Clustal Co                                                                
 
 
                    910       920       930       940       950       960      
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      --------------------GS-------------P---D------------SG------  
11034       ------------------DR---------------TLLRSTAKA----------------  
VR20        -------------------WY--------------ETRR--------------G------  
RS4         ---------------T-PNYVN-------------PPRRDVVRVGG------TG--VVLR  
RS3         ---------------P-PNYVN-------------PPRRDVVGATD------EG--VRFQ  
RS2         ---------------A-PNYVN-------------PPRRDVVGVTD------AG--VRIQ  
RS1         ---------------P-PNYVN-------------PPRRDVVGSTD------AG--VRIQ  
NC          -VTAISQTRYVFDPAVDMARLNGNN----------PTRRDTAMLPA------KG-WLLIA  
BC1         ----------AYTATTALNLVN-------------PPRRDVLTLST------GG-HLVIA  
TV2         ---------------TDTNFVN-------------PVRRDVVNTGT------VGDNVTIR  
TH1         ---------------TEYNYAN-------------PVKRDTVSIGL------AGDNVTVR  
PA          -PAGVPQTRYRFNPATDMALLKSSN----------PVRRDVAMLPA------NG-WLLIA  
 
Clustal Co                                                                
 
 
                    970       980       990       1000      1010      1020     
            ....|....|....|....|....|....|....|....|....|....|....|....| 
SCR122      --TIN-------G------------------KGK--------------------------  
11034       ----N-------------------------------------------------------  
VR20        --KD--------------TRLYFVALDQK---------AC--------SAQSVYPPC---  
RS4         FKTDN------PG-----PWFVHCHIDWHLEAGLALVFAE--------APSQIRQGVQSV  
RS3         FKTDN------PG-----PWFLHCHIDWHLEEGFAMVFAE--------APEAIKGGP-KS  
RS2         FRTDN------PG-----PWFLHCHIDWHLEEGFAMVFAE--------APEDIKKGS-QS  
RS1         FKTDN------PG-----PWFLHCHIDWHLEEGFAMVFAE--------APEAVKGGP-KS  
NC          FRTDN------PG-----SWLMHCHIAWHVSGGLSNQFLE--------RAQDLRNSISPA  
BC1         FQIDN------PG-----SWLMHCHIAWHVSEGLALQFVE--------SESSILPTIG-T  
TV2         FTTDN------PG-----PWFLHCHIDFHLEAGFAIVFSE--------DTADVSNTT---  
TH1         FVTDN------PG-----PWFLHCHIDFHLQAGLAIVFAE--------DAQDTKLVN---  
PA          FKSDN------PG-----AWLFHCHIAWHVSGGLSVQYLE--------RPNDLRNGFSQA  
 
Clustal Co                                                                
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                    1030      1040      1050      1060      1070    
            ....|....|....|....|....|....|....|....|....|....|.... 
SCR122      ------------------------------------------------------  
11034       ------------------------------------------------------  
VR20        -------------------WR---------------------------------  
RS4         QP--------------NNAWNQLCPKYAALPPDLQ-------------------  
RS3         VPV-------------DRQWKDLCRKYGSLPAGFL-------------------  
RS2         VKP-------------DGQWKKLCEKYEKLPEALQ-------------------  
RS1         VAV-------------DSQWEGLCGKYDNWLKSNPGQL----------------  
NC          DKKA--------FNDNCDAWRAYFPDNAPFPKDDSGLRSGVKAREVKMKW----  
BC1         ADVST-------FQNTCAAWKGWTPTE-PFPQDDSGI-----------------  
TV2         TP--------------STAWEDLCPTYNALDSSDL-------------------  
TH1         -PV-------------PEDWNKLCPTFDKAMNITV-------------------  
PA          DKNQ--------HNNNCNAWRAYWPTN-PFPKIDSGLKVKKWVGEHPDWYIKN-  
 
Clustal Co                                                          
 
Figure 6.5 Multiple sequence alignment of the deduced amino acid sequences of the 
R. solani isolates 11034, VR20 and SCR122 with the four laccase protein sequences 
of Rhizoctonia solani AG-6 isolate RS22 and five different fungal laccase proteins. 
RS4 (R. solani Laccase 4 precursor), RS3 (R. solani Laccase 3 precursor), RS2 (R. 
solani Laccase 2 precursor), RS1 (R. solani Laccase 1 precursor), NC (Neurospora 
crassa Laccase), BC1 (Botrytis cinerea Laccase 1), TV2 (Trametes versicolor Laccase 
2), TH1 (Trametes hirsutus Laccase 1) and PA (Podospora auserina Laccase). The 
signal peptide sequence of the four laccase proteins of Rhizoctonia solani AG-6 
isolate RS22 are shown in closed boxes. HAH, HLH, HCH & HWH-Copper binding 
sites; R-Conserved Arginine residue; C- Conserved Cysteine residue; N- N-linked 
glycosylation site.  Arginine, Histidine and Cysteine residues are shown in red 
coloured letters-R, H, C   131
6.4.4 Phylogenetic analysis of the deduced polypeptides of 11034, VR20 
and SCR122 
 
Phylogenetic analysis of the deduced amino acid sequences of 11034, VR20 and SCR122 
showed that they belong to two different groups (Fig. 6.6).  11034 (AG-8) is 
phylogenetically similar to the Botrytis cinerea laccase 1 and Podospora anserina and 
Neurospora crassa laccase precursor proteins.  VR20 (AG-11) and SCR122 (AG-6) 
sequences are phylogenetically similar to each other and are distinct from the other fungal 
laccase sequences.  Therefore, they could be novel laccases. 
 
 
 
 
 
 
 
 
 
 
 
 
   132
 
VR20 (AG-11) 
SCR122 (AG-6) 
Neurospora crassa Laccase precursor 
Podospora anserina Laccase precursor
Botrytis cinerea Laccase 1 
11034 (AG-8) 
Emericella nidulans Laccase 1 precursor
Pleurotus ostreatus Laccase precursor 
Trametes versicolor Laccase 5 precursor 
Trametes versicolor Laccase 4 precursor 
Trametes versicolor Laccase 3 precursor 
Trametes versicolor Laccase  
Trametes hirsutus Laccase precursor 
Rhizoctonia solani Laccase 2 precursor RS22 (AG-6)
Rhizoctonia solani Laccase 1 precursor RS22 (AG-6)
Rhizoctonia solani Laccase 3 precursor RS22 (AG-6)
Rhizoctonia solani Laccase 4 precursor RS22 (AG-6)
1 
2 
3 
4 
5 
6 
7 
 
Figure 6.6 Phylogenetic tree of the protein sequences of  Rhizoctonia solani isolates 
11034, VR20 and SCR122 with relation to other fungal laccases.  The numbers in 
the boxes represents the groups.  The pink coloured boxes shows the R. solani RS22 
(AG-6) and the blue coloured boxes shows the isolates used in the study   133
6.5 Discussion 
 
The PCR products of SCR122, 11034 and VR20 showed high similarity to the 
corresponding amino acid sequences of lcc1, lcc2, lcc3 and lcc4 genes of R. solani.  The 
results indicate that the PCR primers used in this study are useful in isolating laccase 
gene sequences from previously uncharacterised isolates from different anastomosis 
groups.  That the PCR products represent laccase gene fragments is suggested by the 
following lines of evidence-(i) the expected ~750bp fragment PCR amplified product was 
obtained from 3 out of 3 isolates tested; (ii) the sequences of the PCR products analysed 
had a high degree of similarity to corresponding regions of previously published laccase 
sequences of R. solani (Wahleithner  et al., 1996) and (iii) analysis of the protein 
sequences by BlastN (Altschul et al., 1997) confirmed that they are laccases.  The 
strategy outlined in the present study should also be useful  in isolating the individual 
laccase genes and cDNAs from isolates of different AGs with the PCR products as the 
probe. 
 
The R. solani  RS22 (AG-6) laccase family comprises at least four genes sharing 48-49% 
similarity differing by their pH optima and transcriptional regulation (Wahleithner et al., 
1996).  The deduced protein sequences of SCR122, 11034 and VR20 do not have a high 
level of similarity with each other.  SCR122 showed the highest level of similarity to the 
protein sequences of lcc1, lcc2, lcc3 and  lcc4  genes.  Four regions in the laccases 
characterised to date are thought to correspond to highly conserved copper-binding motifs 
similar to the other blue copper oxidases.  These are found close to the N and C termini   134
and contain 10 histidine and cysteine residue (Coll et al., 1993b).  VR20 showed 
conserved regions of histidine and cysteine residues with lcc1, lcc2, lcc3 at position 30 
and 741.  11034 showed conserved regions of histidine residues with lcc1, lcc2, lcc3 and 
lcc4  genes at position 29 and 50. SCR122 showed the highest conserved regions of 
histidine residues with lcc1, lcc2, lcc3 and  lcc4  genes at position 44 and 66.  The 
conserved histidine and cysteine residues at the carboxy terminus are believed to be 
critical for coordination of the copper ions (Wahleithner et al., 1996).  The putative N-
linked glycosylation sites of the three isolates are different from the tentative N-linked 
glycosylation sites of lcc1, lcc2, lcc3 and lcc4 genes.  The putative exon intron sites are 
different in all the three isolates.  The calculated molecular mass of 61444.05 Da from the 
deduced amino acid sequence of VR20 correlates well with the apparent molecular mass 
of 66 kDa determined by SDS-PAGE (Chapter 2). 
 
Phylogenetic analysis showed that VR20 (AG-11) and SCR122 (AG-6) are different from 
the other fungal laccase and therefore may be novel laccases. 
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CHAPTER 7 
 
Final discussion 
 
In this thesis, studies were undertaken in the hope of gaining insights on the laccases 
produced by Rhizoctonia solani.  The project was successful in producing relatively large 
quantities of laccase, developing suitable assays and zymograms for laccase detection and 
the application of several purification techniques in attempts to purify the laccases.   
 
The pathogenic mechanisms of R. solani are complex and varied and may be due to the 
action of different cell wall degrading enzymes.  Establishing the involvement of laccase 
in the pathogenicity of R. solani will pave the way for the emergence of new plant 
protection strategies involving the development of transgenic plants based on the 
inactivation of the laccase and phenoloxidising enzymes. 
 
In the present study, in order to identify the role of laccase in pathogenesis of R. solani, a 
series of experiments were conducted to investigate the role of laccase in the 
pathogenicity of R. solani. 
 
Laccase production in R. solani was produced in different media in the presence or 
absence of inducers.  However, the inducers did not significantly affect laccase 
production.   136
 
An attempt to correlate pathogenicity of AGs by laccase zymogram analysis was carried 
out.  However, no differences in the laccase banding patterns were found between HV 
and WV isolates. 
 
A major finding was that laccase activity could be selectively inhibited by arginine whilst 
retaining the activities of pectinase, xylanase and cellulase.  By retaining the activites of 
pectinase, xylanase and cellulase an attempt to study the role of laccase in tissue 
maceration was done.  Microscopic staining of transverse section of lupin radicles when 
incubated in the fungal enzymes with arginine, showed the presence of intact cell walls 
and lignified tissue but there was disintegration of the tissue, characteristic symptoms of 
maceration when arginine was absent.  This indirectly shows that laccase is required in 
the breakdown of plant cells and could play a part in the pathogenesis of R. solani. 
 
Molecular characterisation and sequencing data revealed some interesting information 
about the laccase gene sequences of the three isolates 11034, SCR122 and VR20.   
Differences in laccase genes were observed between 11034 (AG-8), SCR122 (AG-6) and 
VR20 (AG-11) and it was demonstrated by sequence alignment and database searching 
that there are differences between the laccase sequences of SCR122, 11034 and VR20.  
The deduced protein sequences of 11034, SCR122 and VR20 do not have a high level of 
similarity with each other.  SCR122 showed the highest level of similarity to the protein 
sequences of lcc1, lcc2, lcc3 and lcc4  laccase genes of R. solani RS22 (AG-6).  The 
putative exon intron sites are different in all the three isolates and phylogenetic analysis   137
showed that VR20 (AG-11) and SCR122 (AG-6) are different from the other fungal 
laccase and therefore may be novel laccases. 
 
The function of laccase in the pathogenicity of fungal pathogens has been the subject of 
much controversy which revolves mainly around its role in lignin biodegradation and its 
possible applications in bioremediation and biotransformaton processes.  The results of 
the present study suggests the role of laccase in tissue maceration.  This observation 
needs to be proven by gene disruption and antisense experiments.  Further study has to be 
conducted on the expression of laccase genes under different conditions.  Tissue 
maceration of lupin radicles should also be done using a wide range of isolates from 
different  anastomosis groups to see if they can macerate lupin radicles or not.  If not 
what is that factor?  It could give important clues to the mechanisms of pathogenicity. 
 
Laccase represents a potential target for genetic engineering strategies.  In order to 
achieve this, more studies into the mechanism(s) of action of laccases and the way in 
which they interact within the plant to affect the host defence responses is required.   
Because of the diverse nature of fungal pathogens, it is unlikely a single strategy will 
work against all fungi, or even where a single fungus is concerned, there is a need to use 
a combination of strategies.  One approach is to engineer the plant to inhibit factors 
essential to the infection process, which will lead to the development of such a 
mechanism which could be applied to a wide variety of fungal pathogens.  With a better 
understanding on laccase catalytic mechanisms, its potential use in the study of plant 
pathology can be optimised.    138
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APPENDIX I (Refers to Chapter 6)  
Nucleotide sequences of SCR122, 11034, and VR20 and database search results of the lacase 
sequences of SCR122, 11034, and VR20 in the nucleotide level 
 
SCR122 (AG-6) 
TCGCCAACAAGGGGGATACACTTAAAATCACTGTGCGGAATAAACTCTCCGATCCAACTATGCGAAGGAGCACGACTATCGTTAGTTCTTCTCCTAATCTGACTTGAAACTTTCTCATA
TATTTTGAAGCACTGGCACGGTCTGCTCCAGCACAGGACGGCAGAAGAAGATGGCCCGGCCTTTGTAACCCAGGTATGTCCTATCACACTACTGTGTCTGTGCGCCCCCCCCCCCTAAC
TCGGCAGTTCTAGTGCCCGATTCCCCCGCAAGAATCGTACACCTATACGATGCCGCTCGGCGAACAGACCGGCACGTATTGGTACCACAGCCACTTGAGCTCCCAGTATGTGGACGGG
CTGCGTGGACCCATTGTTATTTGTAAGTCTTCATTTGACCTTGTTCTTGGCTATGGCTGATTATGACGTCGTGGTTAGATGGTTCGTGGTTTCTACAAGAAGTCAGTAGTGTTTGAAGCT
AACTATATTTTAGATCCCAACGACCCGTACAGAAACTACTATGACGTCGACGACGAGCGTACGGTCTTTACTTTGGCAGACTGGTACCACACGCCGTCGGAGGCTATCATTGCCACCC
ACGATGTCTTGAAAACGTACGCATCAATCCTTCTAGTTTCTTTCCTTGACTCACTTTCTTTCAGGATCCCCCGACTCGGGTACGATCAAC 
GGCAAAGGCAAAT 
 
11034 (AG-8) 
TCGCCAACAAGGGGGATACTCTCAAGGTCAAAGTTGAAAACAATCTCACGGATCCTTCCATGTATCGTACCACTTCTATTGTAGGCTCATTCCATTCTCTCAAATTGATCAATGCTAAG
TCCTTTATCTAGCACTGGCACGGCCTCCTGCAGCATAGAAATGCCGACGACGACGGCCCTGCATGGGTCACTCAGGTAAGTTGTGCATAGTTAACGTGGACTTGATTGACAACTCGGTT
ACATCAGTGCCCAATTGTTCCGCAAGAGTCGTATACTTACACCATGCCTCTGGAAGACCAAACTGGAACGTACTGGTATCATGCCCACACCTCGTCCCAATACATTGACGGCTTGCGCG
GTCCGCTGGTGATCTGTAGGTGCTTAGCTCGTCTACTCGTAATGACGCTGAGACAAGTGTTGTTTTATAGATGGTTCGTCCCCCTATTCAAGCTTGGACCACTCCTTACCTAACTGTTAT
AATAGATTCGAAAGATCCTCATAGGCAGCTGTACGATGTCGACGACGAGAAGACCGTACTGATCATCGGCGATTGGTATCATGATTCGTCCAAGGACATCCTTGCCTCCCGTAACATC
ACTAGGCAGTAAGCCATGCGCACTCTCGTCGGTTCCGCTCACTGACTCCATTTGTAGGCGACCGGACTCTGCTACGATCAACGGCAAAG 
GCAAAT 
 
VR20 (AG-11) 
ATTTGCCTTTGCCGTTGATCGTGCCCGAGTCAGGAATCCTGAAGAAATGTGAGTCGAGGGGAAGACCAGCAGGATTGAATGCGTACGTTTTCAAGACATCGTGGGTGGCCATGATGGC
CTCTGACGGAGTATGGTACCAATCTGCCAAAGTAAAGATTGTACGCTCGTCATCGACATCATGGTAGTTCCTGTATGGATCTTTAGGATCTATACGGTGATAGGATCAGCCTCAAACAC
TACCGGAAGATTCTGTTCTACGTACCATCTAGATAAAAAATCATAATCAATATTAGTCTAAAGTAGTTTGGGCGAAGACTTTACAAATGACAAGCGGTCCGCGTAGCCCGTCAACCTA
ATTTAACATGGAAAAATTAGTTTAACTCGACTTGTAAGACAGAAGTTAAACAAAATTACGTATTGCGATGAGAGATGACTGTGGTACCAATACGTTCCAGTCTGTTCGCCCAGTGGCA
TGTTGTAGGTGTAAGATTCTTGCGGGGGAATCGGGCACTAGAACCATCAAAGTTAGGGAACGATGCTGATAGGTTAGTGTTAGACATACCTGAGTAACAAAGGCAGGACCGTCCTCTT
CAGCCGTGCGGTGTTGGAATAGACCGTGCCAGTGCTTTAAAAATATCAGAGTGGTACGAGACGCGTAGGGGAAAGGACACACGATAGTTGTACTTCGTCGCATAGTTAGATCAGAAA
GCTTGTTCCGCACAGTGATCTTGAGTGTATCCCCCTTGTTGGCGA 
 
Figure I.1 Nucleotide sequences of the cloned laccase fragments from SCR122 (AG-6), 11034 (AG-8) and VR20 (AG-11)   175
 
Table I.2 Database search results of the sequences of 11034, VR20 and SCR20 in the 
nucleotide level 
 
Isolate Gene  Match  Accesion  number  Position  Identity  E  value 
 
 
11034 
 
R. solani gene for laccase 3 
 
 
 
 
R. solani gene for laccase 1 
 
 
 
 
 
R. solani gene for laccase 2 
 
Z54215 
 
 
 
 
Z54275 
 
 
 
 
 
Z54276 
 
845-921 
973-1044 
1374-1428 
1093-1152 
 
963-1038 
691-764 
445-518 
570-638 
1112-1146 
 
1283-1305 
 
88% over 77bp 
88% over 72bp 
89% over 55bp 
86% over 61bp 
 
88% over 76bp 
86% over 74bp 
86% over 74bp 
84% over 69bp 
91% over 35bp 
 
100% over 76bp 
 
1e-12 
5e-12 
1e-06 
2e-05 
 
5e-12 
2e-08 
2e-08 
0.005 
0.076 
 
0.076 
 
 
VR20 
 
R .solani gene for laccase 2 
 
 
 
 
 
R. solani gene for laccase 3 
 
Z54276 
 
 
 
 
 
Z54215 
 
1224-1112 
936-854 
672-609 
1305-1264 
804-728 
 
1171-1119 
 
89% over 113bp 
89% over 83bp 
87% over 64bp 
92% over 42bp 
84% over 77bp 
 
86% over 53bp 
 
7e-27 
4e-16 
4e-07 
6e-06 
2e-05 
 
0.005 
 
 
SCR122 
 
R. solani gene for laccase 2 
 
 
R. solani gene for laccase 3 
 
 
Z54276 
 
 
Z54215 
 
854-1305 
609-804 
 
1116-1183 
 
94% over 453bp 
95% over 196bp 
 
85% over 68bp 
 
0.0 
1e-83 
 
8e-05 
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Table I.2 (contd.) 
Isolate  Protein Match  Accesion number  Position of 
Amino acids 
similarity 
Identity Positives  E  value 
 
 
11034 
 
Laccase 1 precursor (R. 
solani) 
 
Laccase 3 precursor (R. 
solani) 
 
 
Laccase 2 precursor (R. 
solani) 
 
 
Laccase 4 precursor (R. 
solani) 
 
 
Lcs-1 (Ceriporiopsis 
subvermispora) 
Laccase 1(C.subvermispora) 
Laccase precursor 
(C.subvermispora) 
 
P56193 
S68117 
 
Q02079 
S68119 
CAA90942.1 
 
S68118 
Q02075 
CAA91041.1 
 
Q02081 
CAA91042.1 
S68120 
 
AA025685.1 
AA026040.1 
AAC97074.2 
 
 
56-142 
186-198 
 
56-144 
143-186 
186-198 
 
56-144 
143-185 
188-198 
 
57-145 
144-172 
195-205 
 
62-149 
473-577 
 
62% over 123 AA 
76% over 13 AA 
 
64% over 123 AA 
79% over 44 AA 
76% over 13 AA 
 
56% over 123 AA 
48% over 43 AA 
90% over 11 AA 
 
51% over 123 AA 
58% over 29 AA 
72% over 11 AA 
 
40% over 122 AA 
51% over 35 AA 
 
69%over 123 AA  
92% over 13 AA 
 
68% over 123 AA 
86% over 44 AA 
100% over 13 AA 
 
65% over 123 AA 
69% over 43 AA 
90% over 11 AA 
 
57% over 123 AA 
72% over 29 AA 
81% over 11 AA 
 
52% over 122 AA 
68% over 35 AA 
 
1e-55 
1e-55 
 
9e-55 
9e-55 
9e-55 
 
9e-43 
9e-43 
9e-43 
 
9e-34 
9e-34 
9e-34 
 
1e-27 
1e-27 
   
VR20 
 
Laccase 2 precursor (R. 
solani) 
 
 
Laccase 3 precursor (R. 
solani) 
 
 
Laccase 4 precursor (R. 
solani) 
 
 
Laccase 1 precursor (R. 
solani) 
 
Laccase II precursor 
(Agaricus bisporus) 
 
 
S68118 
Q02075 
CAA91041. 
 
Q02079 
S68119 
CAA90942.1 
 
Q02081 
CAA91042.1 
S68120 
 
P56193 
S68117 
 
Q12542 
AAA17035.1 
56-198 
103-135 
 
 
56-198 
103-135 
 
 
57-205 
104-136 
 
 
56-198 
103-135 
 
57-102 
103-14 
146-200 
42% over 250 AA 
96% over 33 AA 
 
 
30% over 250 AA 
87% over 33 AA 
 
 
32% over 250 AA 
66% over 33 AA 
 
 
29% over 250 AA 
81% over 33 AA 
 
48% over 62 AA 
53% over 32 AA 
37% over 69 AA 
 
46% over 250 AA 
96% over 33 AA 
 
 
41% over 250 AA 
90% over 33 AA 
 
 
41% over 250 AA 
75% over 33 AA 
 
 
40% over 250 AA 
90% over 33 AA 
 
59% over 62 AA 
78% over 32 AA 
52% over 69 AA 
5e-38 
3e-13 
 
 
3e-22 
3e-11 
 
 
1e-20 
4e-06 
 
 
2e-20 
4e-10 
 
5e-17 
5e-17 
5e-05 
   